WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




per 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 5 : 
C22C1/10, 1/09 



Al 



(11) International Publication Number: WO 91/17280 

(43) International Publication Date: 14 November 1991 (14.11.91) 



(21) Internationa! Application Number: 

(22) International Filing Date: 



PCT/US91/03234 
9 May 1991 (09.05.91) 



(30) Priority 
520,912 
550,777 



9 May 1990(09.05.90) US 

10 July 1990(10.07.90) US 



(60) Parent Application or Grant 

(63) Related by Continuation 
US 

Filed on 



550,777 (CIP) 
10 July 1990(10.07.90) 



(71) Applicant (for all designated States except US): LANXIDE 

TECHNOLOGY COMPANY, L.P. [US/US]; 1300 Mar- 
rows Road, P.O. Box 6077, Newark, DE 19714-6077 
(US). 

(72) Inventors; and 

(75) Inventors/ Applicants (for US only) : NEWKIRK, Marc, Ste- 
vens [US/US]; 1251 Corner Ketch Road, Newark, DE 
19711 (US). AGHAJANIAN, Michael, Kevork [US/ 
US]; 31 Findail Drive, Newark, DE 1971 1 (US). HAN- 
NON, Gregory, Eugene [US/USJ; 24 Cypress Drive, 
North East, MD 21901 (US). McCORMICK, AHyn, Les- 
lie [US/US1; 409 Nilsen Road, Bear, DE 19701 (US). 
SCHIROKY, Gerhard, Hans [US/US]; 37 Michelangelo 
Court, Hockessin, DE 19707 (US). ROCAZELLA, Mi- 
chael, Angelo [US/US]; 1205 Spring Valley Road, Ne- 
wark, DE 19711 (US). KANTNER. Robert, Campbell 
[US/US]; 50 General Maxwell Court, Newark, DE 
19702 (US). 



(74) Agents: MORTENSON, Mark, G. et al.; Lanxide Corpor- 
ation, 1300 Marrows Road, P.O. Box 6077, Newark, DE 
19714-6077 (US). 

(81) Designated States: AT (European patent), AU, BB, BE 
(European patent), BF (OAPI patent), BG, BJ (OAPI 
patent), BR, CA, CF (OAPI patent), CG (OAPI patent), 
CH (European patent), CI (OAPI patent), CM (OAPI 
patent), DE (European patent), DK (European patent), 
ES (European patent), FI, FR (European patent), GA 
(OAPI patent), GB (European patent), GR (European 
patent), HU, IT (European patent), JP, KP, KR, LK, LU 
(European patent), MC, MG, ML (OAPI patent), MR 
(OAPI patent), MW, NL (European patent), NO, PL, 
RO, SD, SE (European patent), SN (OAPI patent), SU, 
TD (OAPI patent), TG (OAPI patent), US. 

Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Title: THIN METAL MATRIX COMPOSITES AND PRODUCTION METHODS 




408 



410 



(57) Abstract 

The present invention relates to a novel process for forming thin metal matrix composite bodies. Particularly, an infiltra- 
tion enhancer and/or an infiltrating atmosphere are in communication with a filler material or preform, at least at some point 
during the process, which permits molten matrix metal to spontaneously infiltrate the filler material or preform. Such spontane- 
ous infiltration occurs without the application of any pressure or vacuum. In an embodiment of the present invention, the filler 

^ • i — - — . „i« aa + «P mn +««- m»» n 1 A U~_~. *Ua ft 1 lav motoriol mav Ha chnnA/1 via tarw* racino din 



FOR THE PURPOSES OF INFORMATION ONLY 

Codes used to Identify States party to the PCT on the front pages of pamphlets publishing international 
applications under the PCT. 



AT 


Austria 


ES 


Spain 


MG 


Madagascar 


AU 


Australia 


Fl 


Finland 


ML 


Mali 


BB 


Barbados 


FR 


France 


MN 


Mongolia 


BE 


Belgium 


CA 


Gabon 


MR 


Mauritania 


BP 


Burkina Faso 


GB 


United Kingdom 


MW 


Malawi 


BG 


Bulgaria 


GN 


Ouinea 


NL 


Netherlands 


BJ 


Benin 


GR 


Greece 


NO 


Norway 


BR 


Brazil 


HU 


Hungary 


PL 


Poland 


CA 


Canada 


IT 


Italy 


RO 


Romania 


CP 


Central African Republic 


JP 


Japan 


SD 


Sudan 


CG 


Congo 


KP 


Democratic People** Republic 


SS 
SN 


Sweden 


CH 


Switzerland 




of Korea 


Senegal 


CI 


C6tc d'lvolrc 


KR 


Republic or Korea 


su 


Soviet Union 


CM 


Cameroon 


U 


Liechtenstein 


TD 


Chad 


CS 


Czechoslovakia 


LK 


Sri Lanka 


TC 


Togo 


DE 


Germany 


LU 


Luxembourg 


US 


United States of America 


OK 


Denmark 


MC 


Monaco 







WO 91/17280 



PCT/US91/03234 



DESCRIPTION 

5 THTN MFTAL MATP TY COMPOSITES AND PRODUCTION METHOPS 

Technical Field 

The present invention relates to a novel process for forming thin 
metal matrix composite bodies. Particularly, thin preform(s) of a 

10 filler material, or thin coatlng(s) of a filler material onto a shaped 
mandrel or mold, are first formed by various techniques. An 
infiltration enhancer and/or infiltration enhancer precursor and/or 
Infiltrating atmosphere are made to be in communication with the thin 
prerorni(s) or coaling(s), at least at some point during the process, 

15 which permits molten matrix metal to spontaneously Infiltrate the thin 
preform(s) or coating(s), thereby forming a thin metal matrix composite 
body. Such spontaneous infiltration occurs without the requirement for 
the application of any pressure or vacuum. 

20 Rarkoround Art 

Composite products comprising a metal matrix and a strengthening 
or reinforcing phase such as ceramic particulates, whiskers, fibers or 
the like, show great promise for a variety of applications because they 
combine some of the sttffness and wear resistance of the reinforcing 

25 phase with the ductility and toughness of the matrix metal. Generally, 
a metal matrix composite will show an improvement in such properties as 
strength, stiffness, contact wear resistance, coefficient of thermal 
expansion (C.T.E.), density, thermal conductivity and elevated 
temperature strength retention relative to the matrix metal in 

30 monolithic form, but the degree to which any given property may be 

improved depends largely on the specific constituents, their volume or 
weight fraction, and how they are processed in forming the composite. 
In some instances, the composite also may be lighter in weight than the 
matrix metal per se. Aluminum matrix composites reinforced with 

35 ceramics such as silicon carbide 1n particulate, platelet, or whisker 
form, for example, are of interest because of their higher specific 
stiffness (e.g., elastic modulus over density), wear resistance, 
thermal conductivity, low coefficient of thermal expansion (C.T.E.) and 
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high temperature strength and/or specific strength (e.g., strength over 
density) relative to aluminum. 

Various metallurgical processes have been described for the 
fabrication of aluminum matrix composites, including methods based on 

5 powder metallurgy techniques and liquid-metal infiltration techniques 
which make use of pressure casting, vacuum casting, stirring, and 
wetting agents. With powder metallurgy techniques, the metal in the 
form of a powder and the reinforcing material in the form of a powder, 
whiskers, chopped fibers, etc., are admixed and then either cold- 

10 pressed and sintered, or hot-pressed. The maximum ceramic volume 
fraction in silicon carbide reinforced aluminum matrix composites 
produced by this method has been reported to be about 25 volume percent 
in the case of whiskers, and about 40 volume percent in the case of 
parti cul ates. 

15 The production of metal matrix composites by powder metallurgy 

techniques utilizing conventional processes imposes certain limitations 
with respect to the characteristics of the products attainable. The 
volume fraction of the ceramic phase in the composite 1s limited 
typically, in the case of particulates, to about 40 percent. Also, the 

20 pressing operation poses a limit on the practical size attainable. 

Only relatively simple product shapes are possible without subsequent 
processing (e.g., forming or machining) or without resorting to complex 
presses. Also, nonuniform shrinkage during sintering can occur, as 
well as nonunif ormtty of raicrostructure due to segregation tn the 

25 compacts and grain growth. 

U.S. Patent No. 3,970,136, granted July 20, 1976, to J. C. 
Cannell et aU, describes a process far forming. a metal matrix 
composite incorporating a fibrous reinforcement, e.g. silicon carbide 
or alumina whiskers, having a predetermined pattern of fiber 

30 orientation. The composite is made by placing parallel mats or felts 
of coplanar fibers in a mold with a reservoir of molten matrix metal, 
e.g., aluminum, between at least some of the mats, and applying 
pressure to force molten metal to penetrate the mats and surround the 
oriented fibers. Molten metal may be poured onto the stack of mats 

35 while being forced under pressure to flow between the mats. Loadings 
of up to about 50% by volume of reinforcing fibers in the composite 
have been reported. 
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The above-described Infiltration process, In view of Its 
dependence on outside pressure to force the molten matrix metal through 
the stack of fibrous mats, is subject to the vagaries of pressure- 
induced flow processes, i.e., possible non- uniformity of matrix 

5 formation, porosity, etc. Non -uniformity of properties 1s possible 
even though molten metal may be introduced at a multiplicity of sites 
within the fibrous array. Consequently, complicated mat/reservo1r 
arrays and flow pathways need to be provided to achieve adequate and 
uniform penetration of the stack of fiber mats. Also, the aforesaid 

10 pressure-Infiltration method allows for only a relatively low 

reinforcement to matrix volume fraction to be achieved because of the 
difficulty Inherent 1n Infiltrating a large mat volume. Still further, 
molds are required to contain the molten metal under pressure, which 
adds to the expense of the process. Finally, the aforesaid process, 

15 limited to Infiltrating aligned particles or fibers, is not directed to 
formation of aluminum metal matrix composites reinforced with materials 
1n the form of randomly oriented particles, whiskers or fibers. 

In the fabrication of aluminum matrix- alumina filled composites, 
aluminum does not readily wet alumina, thereby making it difficult to 

20 form a coherent product. Various solutions to this problem have been 
suggested. One such approach is to coat the alumina with a metal 
(e.g., nickel or tungsten), which is then hot-pressed along with the 
aluminum. In another technique, the aluminum 1s alloyed- with lithium, 
and the alumina may be coated with silica. However, these composites 

25 exhibit variations in properties, or the coatings can degrade the 
filler, or the matrix contains lithium which can affect the matrix 
properties . 

U.S. Patent No. 4,232,091 to R. tf. Srimshaw et al., overcomes 
certafn difficulties in the art which are encountered 1n the production 

30 of aluminum matrix-alumina composites. This patent describes applying 
pressures of 75-375 kg/cm 2 to force molten aluminum (or molten aluminum 
alloy) into a fibrous or whisker mat of alumina which has been 
preheated to 700 to 1050*C. The maximum volume ratio of alumina to 
metal 1n the resulting solid casting was 0.25/1. Because of its 

35 dependency on outside force to accomplish infiltration, this process is 
subject to many of the same deficiencies as that of Cannell et al. 
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European Patent Application Publication No. 115,742 describes 
making aluminum- alumina composites, especially useful as electrolytic 
cell components, by filling the voids of a preformed alumina matrix 
with molten aluminum. The application emphasizes the non-wettability 

5 of alumina by aluminum, and therefore various techniques are employed 
to wet the alumina throughout the preform. For example, the alumina is 
coated with a wetting agent of a diboride of titanium, zirconium, 
hafnium, or niobium, or with a metal, i.e., lithium, magnesium, 
calcium, titanium, chromium, iron, cobalt, nickel, zirconium, or 

10 hafnium. Inert atmospheres, such as argon, are employed to facilitate 
wetting. This reference also shows applying pressure to cause molten 
aluminum to penetrate an uncoated matrix. In this aspect, infiltration 
is accomplished by evacuating the pores and then applying pressure to 
the molten aluminum in an inert atmosphere, e.g., argon. 

15 Alternatively, the preform can be infiltrated by vapor-phase aluminum 
deposition to wet the surface prior to filling the voids by 
infiltration with molten aluminum. To assure retention of the aluminum 
in the pores of the preform, heat treatment, e.g., at 1400 to 1800°C, 
in either a vacuum or in argon is required. Otherwise, either exposure 

20 of the pressure infiltrated material to gas or removal of the 

infiltration pressure will cause loss of aluminum from the body. 

The use of wetting agents to effect infiltration of an alumina 
component in an electrolytic cell with molten metal is also shown in 
European Patent Application Publication No, 0094353- Thts publication 

25 describes production of aluminum by electrowinning with a cell having a 
cathodic current feeder as a cell liner or substrate. In order to 
protect this substrate from molten cryolite, a thin coating of a 
mixture of a wetting agent and solubility suppressor is applied to the 
alumina substrate prior to start-up of the cell or while immersed in 

30 the molten aluminum produced by the electrolytic process. Wetting 

agents disclosed are titanium, zirconium, hafnium, silicon, magnesium, 
vanadium, chromium, niobium, or calcium, and titanium 1s stated as the 
preferred agent. Compounds of boron, carbon and nitrogen are described 
as being useful in suppressing the solubility of the wetting agents in 

35 molten aluminum. The reference, however, does not suggest the 
production of metal matrix composites, nor does it suggest the 
formation of such a composite in, for example, a nitrogen atmosphere. 



WO 91/17280 



PCT/US91/03234 



- 5 - 



In addition to application of pressure and wetting agents, 1t has 
been disclosed that an applied vacuum will aid the penetration of 
molten aluminum into a porous ceramic compact. For example, U.S. 
Patent No. 3,718,441, granted February 27, 1973, to R. L. Landingham, 

5 reports Infiltration of a ceramic compact (e.g., boron carbide, alumina 
and beryllia) with either molten aluminum, beryllium, magnesium, 
titanium, vanadium, nickel or chromium under a vacuum of less than 10" 
torr. A vacuum of 10" 2 to 10 -6 torr resulted in poor wetting of the 
ceramic by the molten metal to the extent that the metal did not flow 

10 freely into the ceramic void spaces. However, wetting was said to have 
Improved when the vacuum was reduced to less than 10" 6 torr. 

U.S. Patent No. 3,864,154, granted February 4, 1975, to G. E. 
Gazza et al., also shows the use of vacuum to achieve infiltration. 
This patent describes loading a cold-pressed compact of A1B 12 powder 

15 onto a bed of cold-pressed aluminum powder. Additional aluminum was 
then positioned on top of the A1B 12 powder compact. The crucible, 
loaded with the A1B 12 compact "sandwiched" between the layers of 
aluminum powder, was placed in a vacuum furnace. The furnace was 
evacuated to approximately 10" 5 torr to permit outgasslng. The 

20 temperature was subsequently raised to 1100'C and maintained for a 

period of 3 hours. At these conditions, the molten aluminum penetrated 
the porous AlBj 2 compact. 

U.S. Patent No. 3,364,976, granted January 23, 1968 to John N. 
Reding et al., discloses the concept of creating a self -generated 

25 vacuum in a body to enhance penetration of a molten metal into the 
body. Specifically, it is disclosed that a body, e.g., a graphite 
mold, a steel mold, or a porous refractory material, is entirely 
submerged in a molten metal. In the case of a mold, the mold cavity, 
which is filled with a gas reactive with the metal, communicates with 

30 the externally located molten metal through at least one orifice in the 
mold. When the mold is Immersed into the melt, filling of the cavity 
occurs as the sel f -generated vacuum 1s produced from the reaction 
between the gas in the cavity and the molten metal. Particularly, the 
vacuum 1s a result of the formation of a solid oxidized form of the 

35 metal. Thus, Reding et al . disclose that 1t is essential to induce a 
reaction between gas in the cavity and the molten metal. However, 
utilizing a mold to create a vacuum jiay be undesirable because of the 
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Inherent limitations associated with use of a mold. Molds must first 
be machined into a particular shape; then finished, machined to produce 
an acceptable casting surface on the mold; then assembled prior to 
their use; then disassembled after their use to remove the cast piece 

5 therefrom; and thereafter reclaim the mold, which most likely would 
include refinlshing surfaces of the mold or discarding the mold if it 
is no longer acceptable for use. Machining of a mold Into a complex 
shape can be very costly and time-consuming. Moreover, removal of a 
formed piece from a complex-shaped mold can also be difficult (I.e., 

10 cast pieces having a complex shape could be broken when removed from 
the mold). Still further, while there is a suggestion that a porous 
refractory material can be immersed directly in a molten metal without 
the need for a mold, the refractory material would have to be an 
integral piece because there 1s no provision for infiltrating a loose 

15 or separated porous material absent the use of a container mold (i.e., 
it is generally believed that the particulate material would typically 
disassociate or float apart when placed 1n a molten metal). Still 
further, 1f it was desired to infiltrate a particulate material or 
loosely formed preform, precautions should be taken so that the 

20 infiltrating metal does not displace at least portions of the 

particulate or preform resulting in a non-homogeneous microstructure. 

Accordingly, there has been a long felt need for a simple and 
reliable process to produce shaped metal matrix composites which does, 
not rely upon the use of applied pressure or vacuum (whether externally 

25 applied or internally created), or damaging. wetting agents to create a 
metal matrix embedding another material such as a ceramic material. 
Moreover* there has been a long felt need to minimize the amount of 
final machining operations needed to produce a metal matrix composite 
body. The. present invention satisfies these needs by providing a 

30 spontaneous infiltration mechanism for infiltrating a material (e.g., a 
ceramic material), which can be formed into a preform, with molten 
matrix metal (e.g., aluminum) in the presence of an Infiltrating 
atmosphere (e.g., nitrogen) under normal atmospheric pressures so long 
as an infiltration enhancer precursor and/or infiltration enhancer is 

35 present at least at some point during the process. 
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ftescHotion of Commonly Owned U.S. Patent s and Patent, Applications 

This application is a Continuation-In-Part Application of U.S. 
Patent Application Serial No. 07/550,777, filed July 10, 1990, which in 
turn is a continuation-in-part application of U.S. Patent Application 
5 Serial No. 07/520,912, filed on May 9, 1990, both of which were filed 
in the names of Marc S. Newklrk et al., and both of which are entitled 
"Methods For Making Thin Metal Matrix Composite Bodies and Articles 
Produced Thereby". The entire subject matter of the aforementioned 
U.S. Patent Applications are hereby expressly incorporated by 
10 reference. 

The subject matter of this application is related to that of 
several other copending and commonly owned patent applications and 
issued Patents. Particularly, these other copending and commonly owned 
patent applications and issued Patents describe novel methods for 
15 making metal matrix composite materials (hereinafter sometimes referred 
to as "Commonly Owned Metal Matrix Patents and Patent Applications"). 

A novel method of making a metal matrix composite material 1s 
disclosed 1n Commonly Owned U.S. Patent No. 4,828,008, which Issued May 
9, 1989, from U.S. Patent Application Serial No. 049,171, filed May 13, 
20 1987, in the names of White et al., and entitled "Metal Matrix 
Composites" which published in the EP0 on November 17, 1988, as 
Publication No. 0291441. According to the method of this White et al. 
Invention, a metal matrix composite is produced by fnfiltrating a 
permeable mass of filler material (e.g., a ceramic or a ceramic -coated 
25 material) with molten aluminum containing-at least about I percent by 
weight magnesium, and preferably at least about 3 percent hy weight 
magnesium. Infiltration occurs spontaneously without the application 
of external pressure or vacuum. A supply of the molten metal alloy 1s 
contacted with the mass of filler material at a temperature of at least 
30 about 675"C in the presence of a gas comprising from about 10 to 100 
percent, and preferably at least about 50 percent, nitrogen by volume, 
and a remainder of the gas, if any, being a nonoxldizlng gas, e.g., 
argon. Under these conditions, the molten aluminum alloy infiltrates 
the ceramic mass under normal atmospheric pressures to form an aluminum 
35 (or aluminum alloy) matrix composite. When the desired amount of 

filler material has been infiltrated with the molten aluminum alloy, 
the temperature is lowered to solidify the alloy, thereby forming a 
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solid metal matrix structure that embeds the reinforcing filler 
material. Usually, and preferably, the supply of molten alloy 
delivered will be sufficient to permit the infiltration to proceed 
essentially to the boundaries of the mass of filler material. The 
5 amount of filler material in the aluminum matrix composites produced 
according to the White et al. invention may be exceedingly high. In 
this respect, filler to alloy volumetric ratios of greater than 1:1 may 
be achieved. 

Under the process conditions in the aforesaid White et al. 

10 invention, aluminum nitride can form as a discontinuous phase dispersed 
throughout the aluminum matrix. The amount of nitride in the aluminum 
matrix may vary depending on such factors as temperature, alloy 
composition, gas composition and filler material. Thus, by controlling 
one or more such factors in the system, it is possible to tailor 

15 certain properties of the composite. For some end use applications, 
however, it may be desirable that the composite contain little or 
substantially no aluminum nitride. 

It has been observed that higher temperatures favor infiltration 
but render the process more conducive to nitride formation. The White 

20 et al. invention allows the choice of a balance between infiltration 
ktnetics and nitride formation. 

An example of suitable barrier means for use with metal matrix 
composite formation is described in Commonly Owned U.S. Patent No* 
4,935,055, which issued on June 19, 1990, fronr tLS. Patent Application 

25 Serial No* 141,642, filed January 7, 1988, in- the names. of Michael. It. . 
Aghajanian et al., and entitled "Method of Making Metal Matrix 
Composite. with the Use of a Barrier", which puhlished .in .the EPO on 
July 12, 1989, as Publication No. 0323945. According to the method of 
this Aghajanian et al. invention, a barrier means (e.g., particulate 

30 titanium diboride or a graphite material such as a flexible graphite 
foil product sold by Union Carbide under the trade name GRAF0IL®) is 
disposed on a defined surface boundary of a filler material and matrix 
alloy infiltrates up to the boundary defined by the barrier means. The 
barrier means is used to inhibit, prevent, or terminate infiltration of 

35 the molten alloy, thereby providing net, or near net, shapes in the 

resultant metal matrix composite. Accordingly, the formed metal matrix 
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composite bodies have an outer shape which substantially corresponds to 
the inner shape of the barrier means. 

The method of U.S. Patent No. 4,828,008 was Improved upon by 
Commonly Owned and Copending U.S. Patent Application Serial No. 
5 517,541, filed on April 24, 1990, which was a continuation of U.S. 
Patent Application Serial No. 168,284, filed March 15, 1988 (and now 
abandoned), in the names of Michael K. Aghajanlan and Marc S. Newkirk 
and entitled "Metal Matrix Composites and Techniques for Making the 
Same", and which published 1n the EPO on September 20, 1989, as 

10 Publication No. 0333629. In accordance with the methods disclosed 1n 
these U.S. Patent Applications, a matrix metal alloy is present as a 
first source of metal and as a reservoir of matrix metal alloy which 
communicates with the first source of molten metal due to, for example, 
gravity flow. Particularly, under the conditions described in this 

15 patent application, the first source of molten matrix alloy begins to 
infiltrate the mass of filler material under normal atmospheric 
pressures and thus begins the formation of a metal matrix composite. 
The first source of molten matrix metal alloy is consumed during Its 
infiltration into the mass of filler material and, if desired, can be 

20 replenished, preferably by a continuous means, from the reservoir of 
molten matrix metal as the spontaneous infiltration continues. When a 
desired amount of permeable filler has been spontaneously infiltrated 
by the molten matrix alloy, the temperature 1s lowered to solidify the 
alloy, thereby forming a solid metal matrix structure that embeds the 

25 reinforcing filler material. It should be understood that the use . of a 
reservoir of metal 1s simpTy one embodiment of the invention described 
in this patent application and it is not necessary to combine the 
reservoir embodiment with each of the alternate embodiments of the 
invention disclosed therein, some of which could also be beneficial to 

30 use in combination with the present invention. 

The reservoir of metal can be present 1n an amount such that it 
provides for a sufficient amount of metal to infiltrate the permeable 
mass of filler material to a predetermined extent. Alternatively, an 
optional barrier means can contact the permeable mass of filler on at 

35 least one side thereof to define a surface boundary. 

Moreover, while the supply of molten matrix alloy delivered 
should be at least sufficient to permit spontaneous infiltration to 
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proceed essentially to the boundaries (e.g., barriers) of the permeable 
mass of filler material, the amount of alloy present in the reservoir 
could exceed such sufficient amount so that not only will there be a 
sufficient amount of alloy for complete Infiltration, but excess molten 

5 metal alloy could remain and be attached to the metal matrix composite 
body. Thus, when excess molten alloy 1s present, the resulting body 
will be a complex composite body (e.g., a macrocomposlte), wherein an 
infiltrated ceramic body having a metal matrix therein will be directly 
bonded to excess metal remaining in the reservoir. 

10 Further Improvements in metal matrix technology can be found in 

commonly owned and copending U.S. Patent Application Serial No. 
521,043, filed May 9, 1990, which was a continuation-in-part of U.S. 
Patent Application Serial No. 484,753, filed February 23, 1990, which 
was a continuation-in-part of U.S. Patent Application Serial No. 

15 432,651, which was filed on November 7, 1989 (and now abandoned), which 
was a continuation-in-part of U.S. Patent Application Serial No. 
416,327, filed October 6, 1989 (and now abandoned), which was a 
continuation-in-part application of U.S. Patent Application Serial No. 
349,590, filed May 9, 1989 (and now abandoned), which in turn was a 

20 continuation-in-part application of U.S. Patent Application Serial No. 
269,311, filed November 10, 1988 (and now abandoned), all of which were 
filed in the names of Michael K. Aghajanian et al. and all of which are 
entitled "A Method of Forming Metal Matrix Composite Bodies By A 
Spontaneous Infiltration Process, and Products Produced Therefrom" (an 

25 EP& application corresponding to U.S. Patent Application -Serial No- 
416,327 was published in the EPQ on June 27, 1990, as Publication No. 
0375588). According to these Aghajanian et al . applications, 
spontaneous infiltration of a matrix metal into a permeable mass, of 
filler material or preform is achieved by use of an Infiltration 

30 enhancer and/or an infiltration enhancer precursor and/or an 

Infiltrating atmosphere which are in communication with the filler 
material or preform, at least at some point during the process, which 
permits molten matrix metal to spontaneously infiltrate the filler 
material or preform. Aghajanian et al. disclose a number of matrix 

35 metal/infiltration enhancer precursor/infiltrating atmosphere systems 
which exhibit spontaneous infiltration. Specifically, Aghajanian et 
al. disclose that spontaneous infiltration behavior has been observed 
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in the aluminum/magnesiuny'nltrogen system; the 

aluminunj/strontiuin/nitrogen system; the aluminum/zinc/oxygen system; 
and the aluminunv'calci urn/nitrogen system. However, it is clear from 
the disclosure set forth in the Aghajanian et al. applications that the 
5 spontaneous infiltration behavior should occur in other matrix 

metal/infiltration enhancer precursor/infiltrating atmosphere systems. 

Each of the above-discussed Commonly Owned Metal Matrix Patents 
and Patent Applications describes methods for the production of metal 
matrix composite bodies and novel metal matrix composite bodies which 
10 are produced therefrom. The entire disclosures of all of the foregoing 
Commonly Owned Metal Matrix Patents and Patent Applications are 
expressly incorporated herein by reference. 

Summary of the Invention 

15 A thin metal matrix composite body can be produced by 

spontaneously infiltrating a permeable mass of filler material which 
has been shaped into a thin preform (or a number of thin prefontis) with 
molten matrix metal. Specifically, an infiltration enhancer and/or an 
infiltration enhancer precursor and/or an infiltrating atmosphere are 

20 in communication with the thin preform (or preforms) at least at some 
point during the process which permits molten matrix metal to 
spontaneously infiltrate the thin preform (or assemblage of thin 
preforms). Alternatively, a thin coating or film of filler material 
may be provided, for example, onto at least a portion of at least one 

25 surface* of a thirr sheet of matrix metal or onto at least a portion of a 
mandrel or a mold material and thereafter spontaneously infiltrated by 
molten matrix metal. The thin sheet of matrix metal, mandrel or mold- 
may be shaped into any desired configuration. 

In a first preferred embodiment, a permeable mass of filler 

30 material may be shaped into a thin preform by tape casting. 

Particularly, the filler material (e.g., silicon carbide particulate) 
may be incorporated into a mixture conta.<ing a suitable binder(s), 
plastidzer(s), suspension agent(s) etc., xo form a slurry of filler 
material. The slurry of filler material may also include an 

35 infiltration enhancer and/or an infiltration enhancer precursor (e.g., 
in the case of an aluminum matrix metal, magnesium metal powder could 
be used). The slurry of filler material may be tape cast into a thin 
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(e.g., a few thousandths of an Inch to a few hundredths of an Inch 
thick) and flexible sheet (or sheets) which can be manipulated or 
subsequently shaped to result in a preform having any desired 
configuration. For example, a tape cast sheet of filler material may 
5 be shaped into a preform by press molding the tape cast sheet, 

contouring the tape cast sheet about a mandrel possessing the desired 
configuration of the metal matrix composite body, etc. Further, a 
single tape cast sheet may be divided (e.g., by cutting with an 
appropriate means) into a plurality of preforms. Still further, a 
10 plurality of Individually tape cast sheets of similar or different 

composition can be shaped into similar or different configurations that 
may be spontaneously infiltrated with matrix metal as an assemblage 
(e.g., a laminar assembly of tape cast preforms). Moreover, due to the 
flexibility of a tape cast sheet of filler material, any suitable 
15 conventional shaping technique may be utilized 1n accordance with the 
present invention to shape a tape cast sheet into a thin preform (or 
assemblage of preforms) which resembles the shape of the desired metal 
matrix composite body to be produced. 

In a second preferred embodiment, a mass of filler material may 
20 be shaped into a thin preform by conventional shaping techniques 
including slip casting, drain casting, dry pressing, sedimentation 
casting, isostatic pressing, extrusion, spray coating, injection 
molding, etc. For example, slip casting is a particularly useful 
method for producing a thin preform defining a hollow cavity or shell. 
25 A slurry or slip comprising a filler material (e.g., silicon carbide 
particulates) may be prepared by utilizing suitable suspension agents, 
deflocculants, etc.. The slip, which may include an infiltration 
enhancer and/or an infiltration enhancer precursor, is poured into a 
porous mold (e.g., plaster of Paris) having the configuration desired 
30 for the preform. The properties of the slip (e.g., solids content, 
viscosity, etc.) and length of time which the slip is permitted to 
remain in the mold, determine the thickness of the resultant preform. 

Moreover, It is to be understood that when preforms are produced 
by any of the conventional techniques discussed above, it may be 
35 necessary to cure or dry the preform so as to remove any binders, 

solvents, etc., from the preform prior to spontaneously infiltrating 
the preform so that spontaneous infiltration is not adversely affected. 
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Further, acceptable thin preform(s) may be fabricated by placing a 
filler material onto a material which functions both as a mold and as a 
barrier material. For example, a material such as graphite which has 
been shaped into a particular configuration, can withstand the 
5 spontaneous Infiltration of molten matrix metal and also functions as a 
barrier to define at least one surface of the formed metal matrix 
composite. Accordingly, 1t may not be necessary to remove the preform 
from the mold prior to spontaneous Infiltration of the preform. 

In a third preferred embodiment of the invention, a preform per 

10 se may not be necessary. Specifically, the configuration of filler 
material and ultimately, the metal matrix composite may be determined 
by the shape of the matrix metal. For example, a thin sheet (or 
assemblage of sheets), of matrix metal may be coated with at least one 
film or layer of a filler material. Additionally, a plurality of 

15 layers of filler material may also be applied, each of which may 
possess the same or different characteristics from any previously 
applied layer of filler. Further, any suitable technique may be 
utilized to apply the filler material onto a sheet or body of matrix 
metal. Such a suitable technique should be capable of being controlled 

20 in a manner to provide a coating having an acceptable surface quality, 
thickness, density, etc. Particularly, a layer of filler material may 
be applied onto a body of matrix metal by dipping, doctor blading, 
spraying, etc., at least a portion of at least one surface of a sheet 
or body of matrix metal. Moreover, a body of matrix metal can be 

25 shaped' into any particular configuration {e.g;, cone, plate, sphere, 
etc.) before applying the filler material. When such shaped matrix 
metal bodies have at least one surface thereof coated with or in 
contact with a filler material and are subjected to a spontaneous 
infiltration environment, the result is a metal matrix composite which 

30 at least partially (or substantially completely) Inversely replicates 
the shape of the original body of matrix metal (e.g., a cavity may be 
produced 1n the formed metal matrix composite body by inversely 
replicating the original shape of the body of matrix metal 1n two or 
more directions). Accordingly, metal matrix composite bodies having 

35 complex-shaped interior cavities and thin walls can be produced. 

Moreover, in some cases, 1t may be desirable to place a second 
material into the formed cavity of a.metal matrix composite to achieve 
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a synergistic effect. For example, a monomer or polymer material, 
either alone or in combination with a reinforcing phase such as a 
fibrous or particulate filler material, could be placed into the formed 
cavity to achieve various desirable results. 
5 Still further, the shaped body of matrix metal can include a 

• number of different features to result in a complex- shaped metal matrix 
composite body. For example, the placement of a plurality of through- 
holes in a thin- walled cylinder of matrix metal and the subsequent 
surrounding of the shaped matrix metal by a filler material mixture 

10 will result 1n the matrix metal spontaneously infiltrating the filler 
material. Accordingly, if filler material is placed on or into contact 
with each side of the cylindrical walls and is also located within the 
through-holes of the matrix metal cylinder, upon spontaneous 
infiltration a substantially concentric dual -walled metal matrix 

15 composite body having reinforcing members extending between the dual 

walls will result (e.g., the cavity within the dual-walled metal matrix 
composite body corresponds substantially in shape to the original shape 
of the body of matrix metal and the reinforcing members correspond in 
size, shape and location to the through-holes that were filled with 

20 filler material). 

In each of the preferred embodiments discussed above, a precursor 
to an Infiltration enhancer may be supplied to at least one of the 
filler material and/or preform(s), and/or a matrix metal and/or an 
infiltrating atmosphere. The supplied infiltration enhancer precursor 

25 may thereafter react with at least on* of the preform(s) and/or the 

matrix metal and/or the infiltrating atmosphere to produce infiltration 
enhancer in at least a portion of, or on, the filler material and/or 
preform(s) . Ultimately, at least during the spontaneous Infiltration, 
Infiltration enhancer should be in contact with at least a portion of 

30 the filler material and/or preform(s). 

In another preferred embodiment of the invention, rather than 
supplying an infiltration enhancer precursor, an infiltration enhancer 
may be supplied directly to at least one of the filler material and/or 
preform(s), and/or matrix metal, and/or infiltrating atmosphere. 

35 Ultimately, at least during the spontaneous infiltration, the 

infiltration enhancer should be in contact with at least a portion of 
the filler material and/or preform(s). 
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This application discusses various examples of matrix metals, 
which at some point during the formation of a metal matrix composite, 
are contacted with an infiltration enhancer precursor, in the presence 
of an infiltrating atmosphere. Thus, various references will be made 
5 to particular matrix metal/infiltration enhancer precursor/ infiltrating 
atmosphere systems which exhibit spontaneous Infiltration. However, it 
is conceivable that many other matrix metal /infiltration enhancer 
precursor/infiltrating atmosphere systems other than those discussed 1n 
this application may behave in a manner similar to the systems discuss 
10 above herein. Specifically, spontaneous infiltration behavior has been 
observed in the aluminum/magnes1um/n1trogen system; the 
aluminum/strontium/nitrogen system; the alumlnum/zinc/oxygen system; 
and the aluminum/calcium/nitrogen system. Accordingly, even though 
this application discusses only those systems referred to above herein 
15 (with particular emphasis being placed upon the 

aluminum/magnesium/nitrogen system), it should be understood that other 
matrix metal /infiltration enhancer precursor/infiltrating atmosphere 
systems may behave in a similar manner. 

In a preferred embodiment for achieving spontaneous Infiltration 
20 into a preform, molten raatrtx metal is contacted with the preform. The 
preform may have admixed therewith, and/or at some point during the 
process, be exposed to, an infiltration enhancer precursor. Moreover, 
in a preferred embodiment; the molten matrix metal and/or preform 
communicate with an infiltrating atmosphere for at least a portion of 
25 theprocess. In another preferred embodiment, the matrix metal and/or 
preform communicate with an infiltrating atmosphere for substantially 
all of the process. The preform will be spontaneously infiltrated by 
molten matrix metal, and the extent or rate of spontaneous Infiltration 
and formation of metal matrix composite will vary with a given set of 
30 processing conditions including, for example, the concentration of 
Infiltration enhancer precursor provided to the system (e.g., in the 
molten matrix alloy and/or in the preform and/or in the Infiltrating 
atmosphere), the size and/or composition of the filler material in the 
preform, the available porosity for infiltration Into the preform, the 
35 time permitted for infiltration to occur, and/or the temperature at 
which infiltration occurs. Spontaneous Infiltration typically occurs 
to an extent sufficient to embed substantially completely the preform. 
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Moreover, by varying the composition of the matrix metal and/or 
the processing conditions, the physical and mechanical properties of 
the formed metal matrix composite bodies may be engineered to any 
particular application or need. Further, by subjecting the formed thin 
5 metal matrix composite body to a post treatment process (e.g., 

directional solidification, heat treatment, etc.) the mechanical and/or 
physical properties may be further engineered to meet any particular 
application or need. Still further, by controlling the processing 
conditions during the formation of a thin metal matrix composite body 

10 the nitrogen content of the formed metal matrix composite may be 
tailored to meet a wide range of industrial applications. 

Moreover, by controlling the composition and/or size (e.g., 
particle diameter) and/or geometry of the filler material comprising 
the preform, the physical and/or mechanical properties of the formed 

15 metal matrix composite can be controlled or engineered to meet any 

number of industrial needs. For example, it has been discovered that 
wear resistance of the metal matrix composite can be Increased by 
increasing the size of the filler material (e.g., increasing the 
average diameter of the filler material particles), given that the wear 

20 resistance of filler material is higher than that of the matrix metal. 
However, strength and/or toughness may tend to increase with decreasing 
filler size. Further, the thermal expansion coefficient of the metal 
matrix composite may decrease with Increasing filler loading, given 
that the coefficient of thermal expansion of the filler is lower than 

25 the -coefficient of thermal expansion of th* matrix metal. Still 
further, the mechanical and/or physical properties (e.g-, density, 
elastic and/or specific modulus, strength and/or specific strength, 
etc.) of a formed metal matrix composite body may be tailored depending 
on the loading of the filler material in the preform. For example, by 

30 providing a preform comprising a mixture of filler particles of varying 
sizes and/or shapes, wherein the density of the filler is greater than 
that of the matrix metal, a higher filler loading, due to enhanced 
packing of the filler material, may be achieved, thereby resulting in a 
metal matrix composite body with an increased density. By utilizing 

35 the teachings of the present invention, the volume percent of filler 
material in the preform which can be infiltrated can vary over a wide 
range. The lower volume percent of filler that can be infiltrated is 
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limited primarily by the ability to form a porous preform, (e.g., about 
10 volume percent); whereas the higher volume percent of filler or 
preform that can be Infiltrated 1s limited primarily by the ability to 
form a dense preform with at least some Interconnected porosity (e.g., 
5 about 95 volume percent). Accordingly, by practicing any of the above 
teachings, alone or In combination, a metal matrix composite can be 
engineered to contain a desired combination of properties. 

Definitions 

10 " Aluminum *, as used herein, means and includes essentially pure 

metal (e.g., a relatively pure, commercially available unalloyed 
aluminum) or other grades of metal and metal alloys such as the 
commercially available metals having impurities and/or alloying 
constituents such as iron, silicon, copper, magnesium, manganese, 

15 chromium, zinc, etc., therein. An aluminum alloy for purposes of this 
definition is an alloy or Intermetallic compound in which aluminum is 
the major constituent. 

" Balance Non-Ox1d1z1na Gas ", as used herein, means that any gas 
present in addition to the primary gas comprising the Infiltrating 

20 atmosphere, 1s either an inert gas or a reducing gas which is 

substantially non-reactive with the matrix metal under the process 
conditions. Any oxidizing gas which may be present as an impurity in 
the gas(es) used should be insufficient to oxidize the matrix metal to 
any substantial extent under the process conditions. 

25 ' Barrier* or ' barrier means" , as used herein, means any. suitable 

means which interferes, inhibits, prevents or terminates the migration, 
movement, or the like, of molten matrix metal beyond a surface boundary 
of a permeable mass of filler material or preform, where such surface 
boundary 1s defined by said barrier means. Suitable barrier means may 

30 be any such material, compound, element, composition, or the like, 

which, under the process conditions, maintains some Integrity and 1s 
not substantially volatile (I.e., the barrier material does not 
volatilize to such an extent that it Is rendered non-functional as a 
barrier). 

35 Further, suitable "barrier means" includes materials which are 

substantially non-wettable by the migrating molten matrix metal under 
the process conditions employed. A barrier of this type appears to 
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exhibit substantially little or no affinity for the molten matrix 
metal, and movement beyond the defined surface boundary of the mass of 
filler material or preform is prevented or inhibited by the barrier 
means. The barrier reduces any final machining or grinding that may be 
5 required and defines at least a portion of the surface of the resulting 
metal matrix composite product. The barrier may in certain cases be 
permeable or porous, or rendered permeable by, for example, drilling 
holes or puncturing the barrier, to permit gas to contact the molten 
matrix metal, etc. 

10 "Can^s?" or " Carcass of Matrix Metal ", as used herein, refers to 

any of the original body of matrix metal remaining which has not been 
consumed during formation of the metal matrix composite body, and 
typically, if allowed to cool, remains in at least partial contact with 
the metal matrix composite body which has been formed. It should be 

15 understood that the carcass may also include a second or foreign metal 
therein. 

" Filler" , as used herein, is intended to include either single 
constituents or mixtures of constituents which are substantially non- 
reactive with and/or of limited solubility in the matrix metal and may 

20 be single or multi-phase. Fillers may be provided in a wide variety of 
forms and sizes, such as powders, flakes, platelets, microspheres, 
whiskers, bubbles, fibers, particulates, fiber mats, chopped fibers, 
spheres, pellets, tubules* refractory cloths, etc*, and may be either 
dense or porous. "Filler" may also include ceramic fillers, such as 

25 alumina or silicon carbide as fibers, chopped fibers, particulates, 

whiskers, bubbles, spheres, fiber mats, or the like, mixtures thereof, 
and ceramic-coated fillers such as carbon fibers coated with alumina or 
silicon carbide to protect, the carbon from attack, for exampTe, by a 
molten aluminum matrix metal. Fillers may also include metals in any 

30 desired configuration. 

" Hot-Topping ", as used herein, refers to the placement of a 
substance on one end (the "topping" end) of an at least partially 
formed metal matrix composite which reacts exothermically with at least 
one of the matrix metal and/or filler material and/or with another 

35 material supplied to the topping end. This exothermic reaction should 
provide sufficient heat to maintain the matrix metal at the topping end 
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1n a molten state while the balance of the matrix metal in the 
composite cools to solidification temperature. 

" Infiltrating Atmosphere *, as used herein, means that atmosphere 
which 1s present which interacts with the matrix metal and/or preform 

5 (or filler material) and/or infiltration enhancer precursor and/or 

infiltration enhancer and permits or enhances spontaneous infiltration 
of the matrix metal. 

" Infiltration Enhancer *, as used herein, means a material which 
promotes or assists in the spontaneous infiltration of a matrix metal 

10 into a filler material or preform. An infiltration enhancer may be 
formed from, for example, (1) a reaction of an infiltration enhancer 
precursor with an Infiltrating atmosphere to form a gaseous species 
and/or (2) a reaction product of the infiltration enhancer precursor 
and the infiltrating atmosphere and/or (3) a reaction product of the 

15 infiltration enhancer precursor and the filler material or preform. 
Moreover, the infiltration enhancer may be supplied directly to at 
least one of the preform, and/or matrix metal, and/or infiltrating 
atmosphere and function in a substantially similar manner to an 
Infiltration enhancer which has formed as a reaction between an 

20 infiltration enhancer precursor and another species. Ultimately, at 
least during the spontaneous infiltration, the infiltration enhancer 
should be located in at least a portion of the filler material or 
preform to achieve spontaneous infiltration and the infiltration 
enhancer may be at least partially reducible by the matrix metal. 

25 " Infiltration Enhancer Precursor * or "Precursor tP the 

Infiltration Enhancer ", as used herein, means a material which when 
used in combination with (1) the matrix metal, (2) the preform or 
filler material and/or (3) an tnfiltrattng atmosphere forms an 
infiltration enhancer which induces or assists the matrix metal to 

30 spontaneously infiltrate the filler material or preform. Without 

wishing to be bound by any particular theory or explanation, it appears 
as though 1t may be necessary for the precursor to the infiltration 
enhancer to be capable of being positioned, located or transportable to 
a location which permits the infiltration enhancer precursor to 

35 interact with the Infiltrating atmosphere and/or the preform or filler 
material and/or the matrix metal. For example, in some matrix 
metal /infiltration enhancer precursor/infiltrating atmosphere systems, 
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it is desirable for the infiltration enhancer precursor to volatilize 
at, near, or in some cases, even somewhat above the temperature at 
which the matrix metal becomes molten. Such volatilization may lead 
to: (1) a reaction of the infiltration enhancer precursor with the 

5 infiltrating atmosphere to form a gaseous species which enhances 

wetting of the filler material or preform by the matrix metal; and/or 
(2) a reaction of the infiltration enhancer precursor with the 
infiltrating atmosphere to form a solid, liquid or gaseous infiltration 
enhancer in at least a portion of the filler material or preform which 

10 enhances wetting; and/or (3) a reaction of the infiltration enhancer 
precursor within the filler material or preform which forms a solid, 
liquid or gaseous infiltration enhancer in at least a portion of the 
filler material or preform which enhances wetting. 

" Matrix Metal " or " Matrix Metal Alloy *, as used herein, means 

15 that metal which is utilized to form a metal matrix composite body 
(e.g., before infiltration) and/or that metal which is intermingled 
with a filler material to form a metal matrix composite body (e.g., 
after Infiltration). When a specified metal is mentioned as the matrix 
metal, it should be understood that such matrix metal includes that 

20 metal as an essentially pure metal, a commercially available metal 
having impurities and/or alloying constituents therein, an 
intermetallic compound or an alloy in which that metal is the major or 
predominant constituent. . 

" Matrix Metal /Infiltration Enhancer Precursor/Infiltratino 

25 Atmosphere System " or " Spontaneous System ", as used herein, refers to 
that combination of materials which exhibit spontaneous infiltration 
into a preform or filler material . It should be understood that 
whenever a m f" appears between an exemplary matrix metal, infiltration 
enhancer precursor and infiltrating atmosphere that the "/" is used to 

30 designate a system or combination of materials which, when combined in 
a particular manner, exhibits spontaneous infiltration into a preform 
or filler material. 

" Metal Matrix Composite " or "MMC". as used herein, means a 
material comprising a two- or three-dimensionally interconnected alloy 

35 or matrix metal which has embedded a preform or filler material. The 
matrix metal may include various alloying elements to provide 
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specifically desired mechanical and physical properties in the 
resulting composite. 

A Metal "Different* from the Matrix Metal means a metal which 
does not contain, as a primary constituent, the same metal as the 
5 matrix metal (e.g., if the primary constituent of the matrix metal is 
aluminum, the "different" metal could have a primary constituent of, 
for example, nickel). 

" Nonreactive Vessel for H ousing Matrix Metal" means any vessel 
which can house or contain a filler material (or preform) and/or molten 

10 matrix metal under the process conditions and not react with the matrix 
and/or the Infiltrating atmosphere and/or infiltration enhancer 
precursor and/or a filler material or preform in a manner which would 
be significantly detrimental to the spontaneous Infiltration mechanism. 
The nonreactlve vessel may be disposable and removable after the 

15 spontaneous infiltration of the molten matrix metal has been completed. 

" Preform" or " Permeable Preform ", as used herein, means a porous 
mass of filler or filler material which 1s manufactured with at least 
one surface boundary which essentially defines a boundary for 
infiltrating matrix metal, such mass retaining sufficient shape 

20 integrity and green strength to provide dimensional fidelity prior to 
being infiltrated by the matrix metal. The mass should be sufficiently 
porous to accommodate spontaneous infiltration of the matrix metal 
thereinto. A preform typically comprises a bonded array or arrangement 
of filler, either homogeneous or heterogeneous, and may be comprised of 

25 any suitable material (e.g., ceramic and/or metal particulates* 
powders, fibers, whiskers, etc., and any combination thereof). A 
preform may exist either singularly or as an assemblage. 

"Reservoir* , as used herein, means a separate body of matrix 
metal positioned relative to a mass of filler or a preform so that, 

30 when the metal is molten, 1t may flow to replenish, or in some cases to 
initially provide and subsequently replenish, that portion, segment or 
source of matrix metal which is in contact with the filler or preform. 

" Spontaneous Infiltration ", as used herein, means the 
infiltration of matrix metal into the permeable mass of filler or 

35 preform occurs without requirement for the application of pressure or 
vacuum (whether externally applied or Internally created). 
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"Thin Coating". " Thin Metal Matrix Composite *. " Thin Preform ", or 
"Thin Sheet", as used herein, refers to a relative dimensional 
characteristic of a particular body. A "thin" dimension may range in 
numerical values from a few mils (e.g., the diameter of a particle of 

5 filler material) to several Inches or feet. In the case of a "thin" 
metal matrix composite plate or preform, "thin" refers to the thickness 
of the plate which is a relative relationship that is dependent upon 
the length and width of the plate, whereas for a cavity or hollow metal 
matrix composite or preform, "thin" refers to the thickness of the 

10 walls which define the cavity or hollow shell (i.e., the thickness of 
the walls are "thin" relative to the length, width or diameter of the 
metal matrix composite body containing the cavity or defined by the 
hollow shell). Further, "thin" refers to the relative thickness of the 
walls of the metal matrix composite which inversely replicate the 

15 configuration of the original matrix metal. However, in every 

embodiment, a "thin" dimensional characteristic must possess sufficient 
structural Integrity to satisfy a particular end-use application. 

Brief Pescrlption of the Prawjngs 
20 The following Figures are provided to assist in understanding the 

Invention, but are not intended to limit the scope of the invention. 
Similar reference numerals have been used wherever possible in each of 
the Figures to denote like components, wherein: 

Figure 1(a) is:, an overhead view of a schematic of a female mold 
25 half which- nay be utilized to shape a preform in accordance with the 
present invention; 

Figure. 1(b) is. a. side view of a schematic of the female nold.half 
illustrated in* Figure la; 

Figure 1(c) is a cross-sectional view of the assembly utilized to 
30 form a metal matrix composite in accordance with Example 1 of the 
present invention; 

Figure 2 is a cross-sectional view of the assembly utilized to 
form a metal matrix composite in accordance with Example 2 of the 
present invention; 

35 Figure 3 is a cross-sectional view of the assembly utilized to 

form a metal matrix composite in accordance with Example 3 of the 
present invention; 
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Figure 4 1s a cross- sectional view of the assembly utilized to 
form a metal matrix composite In accordance with Example 4 of the 
present Invention; 

Figure 5 Is a cross-sectional view of the assembly utilized to 
5 form a metal matrix composite in accordance with Example 5 of the 
present Invention; 

Figures 6(a) and 6(b) are cross-sectional views of the assembly 
utilized to form a metal matrix composite in accordance with Example 6 
of the present invention; 
10 Figure 7 1s a cross-sectional view of the assembly utilized to 

form a metal matrix composite In accordance with Example 7 of the 
present invention; 

Figures 8(a), 8(b), and 8(c) are cross-sectional views of the 
assembly utilized to form a metal matrix composite in accordance with 
15 Example 8 of the present invention; 

Figure 9 is a cross- sectional view of a lay-up used to make an 
"A" frame metal matrix composite body in accordance with Example 9; 

Figure 10 1s a photograph of the metal matrix composite body 
formed in accordance with Example 9; 
20 Figure 11 1s a cross -sectional view of a lay-up used to make a 

metal matrix composite tube 1n accordance with Example 10; 

Figure 12 1s a photograph of the metal matrix composite tube 
formed 1n accordance with Example 10; 

Figure 13 is a cross -sectional view of a lay-up used to make a 
25 metal matrix composite tube In accordance with Example 11; 

Figure 14 1s a photograph of the metal matrix composite tube 
formed in accordance with Example 11; 

Figure 15(a) is a cross -sectional view of a Tay-up used to make 
metal matrix composite bodies in accordance with Example 12; and Figure 
30 15(b) 1s a photograph of the metal matrix composite bodies produced in 
accordance with Example 12; 

Figures 16(a) and 16(b) are schematic views of a shaped matrix 
metal body utilized in Example 13; 

Figures 17(a) and 17(b) are photographs showing cross-sectional 
35 and frontal views, respectively, of the double-walled metal matrix 
composite structure produced in accordance with Example 13; 
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Figure 18 is a schematic cross-sectional view of a lay-up 
utilized to form a metal matrix composite body in accordance with 
Example 14; 

Figures 19(a) and 19(b) are photomicrographs taken at about 1000X 
5 of a metal matrix composite coating which was formed on a matrix metal 
ingot in accordance with Example 14; 

Figure 20 is a schematic cross-sectional view of a lay-up 
utilized to make a metal matrix composite body in accordance with 
Example 15; 

10 Figure 21 is a photomicrograph taken at about 400X of a metal 

matrix composite layer formed on a matrix metal substrate formed in 
accordance with Example 15; 

Figure 22 is a schematic cross-sectional view of a lay-up 
utilized to make a metal matrix composite body in accordance with 
15 Example 16; 

Figure 23 is a photograph of a metal matrix composite body formed 
in accordance with Example 16; 

Figure 24 is a schematic cross -sectional view of a lay-up 
utilized to form a metal matrix composite body in accordance with 
20 Example 17; 

Figure 25 is a photograph of the metal matrix composite body 
formed in accordance with Example 17; 

Figure 26 is a photograph of a metal matrix composite body formed 
in accordance with Example 18; 
25 Figure 27 is a photograph of a metal matrix composite body/formed 

in accordance with Example 19; 

Figure 28 ts. a schematic cross-sectional view of a lay-up 
utilized ta form a metal matrix composite body in accordance with 
Example 20; 

30 Figure 29 is a photograph of a polymer filled metal matrix 

composite body formed in accordance with Example 21; 

Figure 30 is a photograph of a metal matrix composite honeycomb 
structure formed in accordance with Example 22; 

Figure 31 is a photograph taken at about 50X of a cross section 
35 of a portion of the honeycomb body formed in accordance with Example 
22; 
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Figure 32 1s a cross-sectional schematic view of a lay-up used to 
fabricate three thin metal matrix composite bodies 1n accordance with 
Example 23; 

Figure 33 1s a cross -sectional schematic view of a lay-up used to 
5 fabricate a thin metal matrix composite body in accordance with Example 
24; 

Figure 34 is a cross -sectional schematic view of a lay-up used to 
fabricate a thin metal matrix composite body in accordance with Example 
25; and 

10 Figure 35 1s a cross-sectional schematic view of a lay-up 

employed 1n fabricating the thin metal matrix composite body 1n 
accordance with Example 27. 

patailed Description of the Invention and Preferred Embodiments 

15 A thin metal matrix composite body can be produced by 

spontaneously infiltrating a permeable mass of filler material, which 
has been shaped into a thin preform (or a number of preforms), with 
molten matrix metal. Specifically, an infiltration enhancer and/or an 
infiltration enhancer precursor and/or an infiltrating atmosphere are 

20 in communication with the thin preform (or preforms) at least at some 
point during the process which permits molten matrix metal to 
spontaneously infiltrate the thin preform (or preforms). 
Alternatively, a coating or film of filler material may be provided, 
for example, onto at least a portion of at least one surface of a thin 

25 sheet of matrix metal. Accordingly, the present invention permits. 

utilizing a preform and/or body of matrix meta-l which has been shaped 
to possess the configuration of the desired, metal matrix composite 
(e.g., the fiTler material may be applied to a shaped body of matrix 
metal, a matrix metal may be applied to a preform, etc.). 

30 in a first preferred embodiment a permeable mass of filler 

material may be shaped into a thin preform by tape casting. 
Particularly, the filler material (e.g., silicon carbide particulate) 
may be incorporated Into a slurry of suitable binders, plasticizers, 
etc. which may Include an Infiltration enhancer and/or an infiltration 

35 enhancer precursor (e.g., magnesium metal powder). The slurry of 

filler material may be tape cast into a thin (e.g., 0.035 Inch (0.89 
mm) thick) and flexible sheet (or sheets) which can be manipulated to 



WO 91/17280 



PCT/US91/03234 



- 26 - 

result in a preform having a desired configuration. For example, a 
tape cast sheet of filler material may be shaped into a preform by 
press molding the tape cast sheet, contouring the tape cast sheet about 
a mandrel possessing the desired configuration of the metal matrix 
5 composite, etc. Further, a single tape cast sheet may be divided 
(e.g., by cutting with scissors, etc.) into a plurality of preforms 
which can be shaped into similar or distinct configurations that may be 
spontaneously infiltrated with a matrix metal individually or as a 
group. Still further, a plurality of individually tape cast sheets of 
10 similar or different composition can be assembled and spontaneously 
infiltrated by a matrix metal (e.g., a laminar assembly of tape cast 
preforms can be assembled and infiltrated). Moreover, due to the 
flexibility of a tape cast sheet of filler material, any conventional 
shaping technique may be utilized In accordance with the present 
15 Invention to fabricate a thin preform (or assemblage of preforms) which 
resemble the shape of the desired metal matrix composite. 

In accordance with a specific tape casting embodiment, a 
plurality of tape cast preforms may be infiltrated with a matrix metal 
during a single spontaneous infiltration process. Particularly, a 
20 plurality of thin tape cast preforms which are segregated by a barrier 
material (e.g., graphite foil) may be spontaneously infiltrated by a 
matrix metal when in communication with a source of molten matrix 
metal. Specifically, a plurality of tape cast preforms, which may be 
shaped into curved sections, corrugated sheets, etc., can be 
25 Incorporated within a sandwich structure comprising several tape cast 
preforms and sheets of graphite foil (i.e., the sheets of graphite foil 
function as a barrier material to segregate. the preforms). At least. a 
portion of, for example, one edge of the sandwich structure must be 
communicated with molten matrix metal to permit spontaneous 
30 infiltration into each of the tape cast preforms. For example, an 

ingot of matrix metal may be placed adjacent to (e.g., on top of) the 
sandwich structure such that the matrix metal when rendered molten, 
will communicate with, and spontaneously infiltrate into, the preforms. 
The barrier materials (e.g., graphite foil) that sandwich the tape cast 
35 preforms define the boundaries to which the molten matrix metal may 

flow and spontaneously infiltrate. Such definition permits fabrication 
of a plurality (e.g., 15 or more tape cast preforms) of thin tape cast 
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preforms into thin metal matrix composite bodies to net or near-net 
shape. 

In a second specific tape casting embodiment, a tape cast preform 
(or preforms) may be placed into contact with a matrix metal alloy such 
5 that the tape cast preform conforms to the surface features of a body 
of matrix metal. Specifically, a tape cast preform typically possesses 
a sufficient degree of flexibility 1n order to be shaped or conformed 
to the interior and/or exterior dimension of a matrix metal body. For 
example, a tape cast preform may be rolled into a tube and inserted 
10 into a hollow cylinder of matrix metal (e.g., forming a tubular metal 
matrix composite upon spontaneous infiltration). Additionally, a tape 
cast preform may be located around the external surface of a matrix 
metal tube. Further, tape cast preforms may be located on both the 
interior and exterior surfaces of a matrix metal body. In some 
15 instances, 1t may be advantageous to adhere the tape cast preform to a 
surface of the matrix metal (e.g., by gluing). Furthermore, a barrier 
material (e.g., graphite foil, powder, etc.) may be placed upon the 
exposed surface (or surfaces) of the tape cast preform (or preforms) 
to define a surface of a formed metal matrix composite, once the tape 
20 cast preform has been oriented properly 1n relation to the body of 
matrix metal. 

Moreover, a tube Is not the only configuration which may be 
contacted with tape cast preforms in order to form a metal matrix 
composite body. Particularly, a complex configuration (e.g., a 

25 connection or junction of a plurality of tubular structural members) 
which may comprise a single body of matrix metal or a plurality of 
matrix metaT pieces, may be covered externally and/or internally with 
tape cast preforms (e.g., ribbons of tape cast filler material wrapped 
about a body of matrix metal) that can be spontaneously infiltrated 

30 with molten matrix metal. 

Further, a tape cast preform may be spontaneously infiltrated 
with a thin sheet or layer of matrix metal. For example, a layer of 
particulate matrix metal may be sprayed or otherwise placed onto at 
least a portion of at least one surface of a tape cast preform. The 

35 matrix metal can be rendered molten and thus can spontaneously 

infiltrate the tape cast preform. The resultant metal matrix composite 
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may then possess a configuration which corresponds to the shape of the 
preform. 

In a second preferred embodiment, a mass of filler material may 
be shaped into a thin preform by slip casting. Slip casting, and 

5 specifically drain casting, is particularly useful for producing a thin 
preform comprising a hollow cavity or shell. Particularly, drain 
casting may be utilized to fabricate a preform having a complex 
external or internal geometry (e.g., a body possessing an attenuated or 
truncated protrusion). A slip comprising a filler material (e.g., 

10 ball-milled silicon carbide particles) may be prepared by utilizing 
suitable suspension agents, deflocculants, etc. The slip which may 
include an infiltration enhancer and/or an infiltration enhancer 
precursor is poured into a mold (e.g., a mold formed of plaster of 
Paris, CaC0 3 , Si0 2 , B 4 C, SiC, etc.,) having the configuration desired 

15 for the preform. The properties of the slip (e.g., solids content, 
viscosity, etc.) and length of time which the slip is permitted to 
remain in the mold determine the thickness (e.g., wall thickness of a 
spherical shell) of the resultant preform. 

In a specific drain casting embodiment, a mold for casting the 

20 slip may be fabricated from a wax pattern. Specifically, a wax pattern 
which possesses the surface geometry and texture of the desired metal 
matrix composite may be coated with an investment shell material (e.g., 
CaC0 3 ). The coating of investment shell material adheres to the. wax 
pattern and forms a shell that inversely replicates the wax pattern, 

25 The investment shell material is heated to a temperature sufficient to 
remove (e.g., melt and/or burnout) the wax pattern in order to produce 
a mold for drain casting. A slip of filler material is poured on or 
into the resultant mold to fabricate a thin preform (e.g., a cavity or 
hollow body) to be spontaneously infiltrated with matrix metal. 

30 Almost any existing article or body may be utilized as a design 

for fabricating a metal matrix composite. Particularly, an existing 
article, which may or may not be a metal matrix composite, may be 
immersed into a silicone rubber molding material contained within a 
suitable vessel. After the silicone rubber molding material has cured 

35 or dried within the vessel and around the original article, the 

original article is removed to provide a mold that inversely replicates 
the original article. A molten wax jyrttern material may be poured into 



WO 91/17280 



PCT/US91/03234 



- 29 - 

the silicone rubber mold. The resultant wax pattern may be recovered 
from the mold and, as discussed above, coated with an investment shell 
material to form a mold. A thin preform may be formed by drain casting 
or slurry casting Into the resultant investment shell mold. The thin 
5 preform resulting from this procedure 1s ultimately spontaneously 
infiltrated with a molten matrix metal to form a thin metal matrix 
composite body which replicates the surface geometry and texture of the 
original article or body. Therefore, drain casting or slurry casting 
may be utilized to produce a thin metal matrix composite having 

10 virtually any shape or texture. For purposes of clarification, slurry 
casting may be distinguished from slip casting in that unlike slip 
casting, the surface of a slurry cast body does not shrink away from 
the mold surface during drying of the cast body. 

Moreover, the thin metal matrix composite formed by spontaneously 

15 infiltrating a drain cast preform may possess an internal cavity which 
can be at least partially filled with another material which is not 
inflltratable by molten matrix metal under the process conditions. 
Particularly, prior to spontaneous infiltration of a matrix metal into 
a drain cast preform, a material not infiltratable by the molten matrix 

20 metal under the process conditions may be placed into the internal 
cavity of the preform. The non- infiltratable material may have a 
chemical composition which 1s similar to or different from the preform 
(e.g., the material within the cavity may not initially contain, or be 
exposed to during the process, an infiltration enhancer or an 

25 infiltration enhancer precursor and/or may comprise a material having a 
particle size which is not infiltratable under the process conditions, 
etc.). The non-infiltratable material can function (1) to support the 
preform during spontaneous infiltration; (2) enhance the surface 
quality of the interior of the formed metal matrix composite; (3) 

30 ameliorate the problems which may be associated with residual matrix 
metal being located within the internal cavity of the formed metal 
matrix composite body; and (4) provide a surface which functions as a 
portion of a mold for the further casting of a preform- forming material 
against the same. The non-infiltratable material which is contained 

35 within the formed metal matrix composite body may, optionally, be 
removed subsequent to spontaneous infiltration. Alternatively, the 
non-infiltratable material within the formed metal matrix composite 
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body may be rendered Infiltratable (e.g., by providing at least one of 
an Infiltration enhancer and/or Infiltration enhancer precursor) and 
spontaneously Infiltrated with a molten matrix metal. The matrix metal 
which is spontaneously Infiltrated into the previously non- 

5 infiltratable material may be different chemically from the matrix 
metal that was utilized originally to spontaneously infiltrate the 
drain cast preform. 

Further still, the cavity portion formed within the formed metal 
matrix composite may be at least partially filled with a substance 

10 (e.g., polymer, metal, ceramic, glass, etc., or any combination of at 
least one of these materials and at least one reinforcing material such 
as a fibrous and/or particulate filler material) in order to satisfy a 
specific end-use requirement. For example, the cavity portion of a 
metal matrix composite body (e.g., the cavity portion of a hollow 

15 cylinder or tube) may be filled with a polymer to modify the mechanical 
properties of the metal matrix composite body. 

The molten matrix metal which is to spontaneously infiltrate a 
drain cast preform may be communicated with the preform in any 
expeditious manner. For example, the matrix metal may be housed within 

20 a cavity of the mold which is in fluid communication with the portion 
of the mold that defines the preform to be spontaneously infiltrated. 
Further, a layer (or layers) of matrix metal (e.g., which may be 
similar or different in chemical composition) may be deposited upon an 
external and/or internal surface of a drain cast preform. 

25 Moreover, it is to be understood that when producing preforms via 

tape casting, drain casting, slurry casting, etc., it may be necessary 
to cure (e.g.., remove binders, solvents, etc.) or dry the preform 
before the spontaneous inffltration by a molten matrix metal occurs. 
Further, thin preforms for spontaneous infiltration by a matrix metal 

30 may be produced by any suitable technique which results in a preform 
possessing acceptable characteristics (e.g., surface quality, 
thickness, etc.). Particularly, an acceptable preform may be 
fabricated by centrifuging, extruding, injection molding, isostatic 
pressing, sediment casting, spray coating, etc. Specifically, a filler 

35 material may be admixed with a binder and sprayed onto a mandrel, 

sprayed into a mold, etc., which will define the shape of the resultant 
preform. An acceptable thin preform may be fabricated by spraying a 
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filler material upon a barrier material, for example, a graphite mold, 
mandrel, etc., which, optionally, can be coated with an adhesive. 
Alternatively, a mold not comprising a barrier material may be coated 
with a barrier material and subsequently coated with a filler material 

5 to provide a preform corresponding in shape to the interior portion of 
the mold. An optional adhesive layer can be used to assist in bonding 
the filler material to the mold. 

Further, a mold comprising a barrier material (e.g., a graphite 
foil) which has been coated with a filler material may be coated 

0 further with a layer of matrix metal. A plurality of layers of filler 
and matrix metal may be utilized which possess differing 
characteristics (e.g., at least two layers of particulate filler 
material and/or matrix metal which are distinct in at least one of 
thickness and/or composition) may permit formation of a metal matrix 

5 composite having a graded microstructure. The coated barrier material 
mold can withstand the conditions which permit the matrix metal to 
spontaneously infiltrate into the adjacent layer (or layers) of filler 
material and thus, may be utilized to contain the spontaneous 
infiltration process. Still further, utilization of a barrier material 

0 mold may permit fabrication of a metal matrix composite having a 
homogeneous microstructure (e.g., occlusions or channels of matrix 
metal within the formed composite may be precluded). Moreover, 
utilization of a mold comprising a barrier material may permit 
formation of a thin metal matrix composite by spontaneous infiltration 

5 which has a relatively smooth surface finish. 

In a third preferred embodiment of the invention, a preform per 
se may not be necessary. Specifically, the configuration of the filler 
material and ultimately, the metal matrix composite, may be determined 
by the matrix metal. For example, a thin sheet (or sheets), foil, 

0 etc., of matrix metaT may be coated with at least one film or layer 

(e.g., a plurality of layers may be applied which possesses similar or 
distinct characteristics) of a filler material by any suitable 
technique which can be controlled to provide a coating having 
acceptable characteristics (e.g., surface quality, thickness, etc.). 

5 Further, a thin sheet of matrix metal may be shaped before applying the 
filler material into a desired configuration (e.g., corrugated, foil, 
wire, etc.). The shaped and filler-ooated body of matrix metal m?y be 
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spontaneously infiltrate into the filler material to form a metal 
matrix composite which is similar In configuration to the coated body 
of matrix metal. For example, when the body of matrix metal comprises 
5 a thin sheet which is coated on all sides thereof with a filler 

material, spontaneous infiltration of the matrix metal may result in a 
metal matrix composite which comprises a thin double-walled metal 
matrix composite that contains an internal cavity that inversely 
replicates the configuration of the original matrix metal body. 
10 Moreover, a metal matrix composite structure can be fabricated by 

inversely replicating the shape of a matrix metal body to form a 
virtually unlimited array of configurations (e.g., plates, cylinders, 
cones, boxes, etc.). Specifically, the configuration of a body of 
matrix metal may be inversely replicated by placing the shaped body of 
15 matrix metal into contact with any filler material which is capable of 
being spontaneously infiltrated by molten matrix metal. Depending on 
the characteristics of the filler material (e.g., particle size), the 
resultant metal matrix composite can define a cavity or void that 
substantially inversely replicates the configuration of the original 
20 body of the matrix metal. Further, only a portion of a shaped body of 
matrix metal may be placed in (e.g., embedded within) a filler 
material. In this instance, that portion of the matrix metal which is 
embedded within the filler material can be Inversely replicated upon 
spontaneous inf titration of the matrix metal Into the surrounding 
25 filler material . 

Further, a metal matrix composite body which has been formed by 
the inverse replication of. a shaped matrix metal, may be manufactured so 
as to include a reinforcement or support means within at least a 
portion of a cavity formed therein. Particularly, a rigid support 
30 means may be provided in situ (I.e., during formation of the metal 
matrix composite body) by perforating a sheet of matrix metal and 
thereafter substantially completely coating the perforated sheet of 
matrix metal with a filler material, including substantially completely 
filling the holes in the perforated sheet with a filler material. 
35 Specifically, when the coated sheet of matrix metal is exposed to a 
spontaneous infiltration environment, the matrix metal spontaneously 
infiltrates 1) outwardly into the coaiing of filler material thereby 
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leaving behind a cavity which Inversely replicates the configuration of 
the matrix metal, and 2) Inwardly Into the filler material within the 
perforations of the matrix metal, thereby forming the rigid support 
means which are thus located within the previously discussed cavity and 
5 which are at least partially attached to at least one wall of the 

cavity (e.g., the support means may span the entire width of the cavity 
and contact at least two walls of the cavity). The reinforcement or 
support means within the cavity of the metal matrix composite 
manufactured by inverse replication are formed at the location (or 

10 locations) corresponding to the original holes or perforations in the 
sheet of the matrix metal (e.g., the location of a perforation 1n the 
matrix metal also determines the position at which the support means 
may contact at least two walls of the cavity). Thus, the support means 
may be provided at any desired location within the formed metal matrix 

15 composite (e.g., by providing perforations within a sheet of matrix 
metal) where, for example, increased mechanical integrity Is desired. 
Still further, if desired, the cavity portion of the formed metal 
matrix composite body can be filled with another material ta enhance 
the properties of the body. For example, a polymer material (or a 

20 precursor to a polymer material which may or may not be subsequently 

formed Into a polymer) could be placed within at least a portion of the 
cavity to affect desirably the mechanical properties of the formed 
body. 

Alternatively, the support means can be constructed within the 
25 cavity such that the support means defines at least one channel or 
passageway within the formed metal matrix composite. Further, the 
support means may possess any desired cross -section, (e.g., circular, 
rectangular, etc.) and configuration simply by controlling the geometry 
of the perforations in the original body of matrix metal. Thus, it is 
30 possible for the internal cavities created by the support means and the 
walls of the formed metal matrix composite to be, for example, 
interconnected in a manner which would permit the controlled passage of 
fluids (e.g., liquid or vapor) therethrough. Accordingly, the present 
invention provides a relatively simple means for providing complex 
35 cavities or channels within a metal matrix composite body without the 
requirement for any excessive, complex and costly machining. Thus, the 
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cavities or channels within the formed metal matrix composite body can 
have numerous Industrial uses. 

In another specific embodiment of the present Invention, the 
surface quality of the outer or visible surface of a thin double-walled 

5 metal matrix composite formed by the inverse shape replication of a 
thin body of matrix metal may be improved by applying a coating or 
sheet of barrier material (e.g., graphite) onto at least a portion of 
an exterior portion of the filler material prior to spontaneously 
infiltrating the matrix metal into the filler material. For example, a 

10 sheet of matrix metal may be coated with a filler material to coat 

substantially the entire surface of the matrix metal body. The coated 
matrix metal body may be contacted with a barrier material (e.g., 
sandwiched between two sheets of graphite, etc.) so that the filler 
material is contacted directly with the barrier material. The matrix 

15 metal is then spontaneously infiltrated into the filler material up to 
the smooth surface defined by the barrier resulting in a metal matrix 
composite body having a smooth external surface. 

Moreover, the techniques for coating, for example, a thin sheet 
of matrix metal with filler material, barrier, etc., and the subsequent 

20 spontaneous Infiltration may be conducted in a continuous manner. For 
example, a sheet of matrix metal may be supported by an appropriate 
barrier means (e.g., a graphite sheet) while a layer of filler material 
is applied (e.g., by spray coating) onto the sheet of matrix metal. 
Alternatively, a layer of filler material may be applied (e.g., tape 

25 cast) onto a support comprising a. barrier means, and subsequently, a 

sheet of matrix metal is brought into contact with the layer of filler 
material overlying the barrier means. In both of these embodiments, 
the matrfx metal is spontaneously infiltrated into the layer of filler 
material such that at least one surface of the formed metal matrix 

30 composite is defined by the barrier means. 

In a still further embodiment of the present invention, a 
macrocomposite may be formed which comprises a metal matrix composite 
which is bonded integrally to a body of unreinforced metal (e.g., 
matrix metal which does not include a filler material). Particularly, 

35 during a spontaneous infiltration process, an excess quantity of matrix 
metal may be provided such that subsequent to infiltration, the 
residual matrix metal is bonded integrally to, for example, the matrix 
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metal within the formed metal matrix composite body. The excess 
quantity of matrix metal may be supplied via a reservoir means that may 
be external to the Infiltration system (e.g., from outside of the 
furnace). Further, the composition of the excess matrix metal may be 

5 chemically different from the original source of matrix metal (e.g., a 
reservoir may be utilized which supplies a matrix metal which is 
chemically different from an original source of matrix metal). The 
configuration of the unreinforced metal portion of the formed 
macrocomposlte may correspond generally to the original body of matrix 

10 metal. Alternatively, the unreinforced metal portion may be bonded 

integrally to only a relatively small area of the metal matrix portion 
of the macrocomposite and may extend outwardly from the surface of the 
metal matrix portion in a predetermined manner (e.g., the shaft 
extending' from a golf club head). 

15 Without wishing to be bound by any particular theory or 

explanation, the following 1s believed to set forth one manner in which 
a molten matrix metal spontaneously Infiltrates a filler material. 
When an Infiltration enhancer precursor is utilized in combination with 
at least one of the matrix metal, and/or filler material (e.g., a 

20 coating of filler material on a matrix metal sheet) or preform and/or 
infiltrating atmosphere, the Infiltration enhancer precursor may react 
to form an infiltration enhancer which induces or assists molten matrix 
metal to spontaneously infiltrate a filler material or preform. 
Moreover, it appears as though it may be necessary for the precursor to 

25 the infiltration enhancer to be capable of being positioned, located or 
transportable to a location which permits the infiltration enhancer 
precursor to interact with at least one of the infiltrating atmosphere, 
and/or the preform or filler materlaT, and/or molten matrix metal. For 
example, in some matrix metal/1 nfiltrati on enhancer 

30 precursor/infiltrating atmosphere systems, it is desirable for the 
Infiltration enhancer precursor to volatilize at, near, or in some 
cases, even somewhat above the temperature at which the matrix metal 
becomes molten. Such volatilization may lead to: (1) a reaction of 
the Infiltration enhancer precursor with the infiltrating atmosphere to 

35 form a gaseous species which enhances wetting of the filler material or 
preform by the matrix metal; and/or (2) a reaction of the infiltration 
enhancer precursor with the infiltrating atmosphere to form a solid, 
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liquid or gaseous infiltration enhancer in at least a portion of the 
filler material or preform which enhances wetting; and/or (3) a 
reaction of the infiltration enhancer precursor within the filler 
material or preform which forms a solid, liquid or gaseous infiltration 

5 enhancer in at least a portion of the filler material or preform which 
enhances wetting. 

Thus, for example, if an infiltration enhancer precursor was 
included or combined with, at least at some point during the process, 
molten matrix metal, 1t is possible that the infiltration enhancer 

10 precursor could volatilize from the molten matrix metal and react with 
at least one of the filler material or preform and/or the infiltrating 
atmosphere. Such reaction could result in the formation of an 
infiltration enhancer which may be a solid species, if such solid 
species was stable at the infiltration temperature, said solid species 

15 being capable of being deposited on at least a portion of the filler 
material or preform as, for example, a coating. Moreover, it is 
conceivable that such solid species could be present as a discernable 
solid within at least a portion of the preform or filler material. If 
such a solid species was formed, molten matrix metal may have a 

20 tendency to react with the solid species (e.g., the molten matrix metal 
may reduce the formed solid species) such that infiltration enhancer 
precursor may become associated with (e.g., dissolved in or alloyed 
with) the molten matrix metal. Accordingly, additional infiltration 
enhancer precursor may then be available to volatilize and react with 
. 25 ,. another species (e.g., the filler material or preform and/or 

infiltrating atmosphere) and again form a similar solid species. It is 
conceivable that a continuous process of conversion of infiltration 
enhancer precursor to infiltration enhancer followed by a reduction 
reaction of the infiltration enhancer with molten matrix metal to again 

30 form additional infiltration enhancer precursor, and so on, could 

occur, until the result achieved is a spontaneously infiltrated metal 
matrix composite. 

In order to effect spontaneous infiltration of the matrix metal 
into the filler material or preform, an infiltration enhancer should be 

35 provided to the spontaneous system. An infiltration enhancer could be 
formed from an infiltration enhancer precursor which could be provided 
(1) in the matrix metal; and/or (2) iu the filler material or preform; 
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and/or (3) from the infiltrating atmosphere; and/or (4) from an 
external source Into the spontaneous system. Moreover, rather than 
supplying an Infiltration enhancer precursor, an infiltration enhancer 
may be supplied directly to at least one of the filler material or 

5 preform, and/or matrix metal, and/or Infiltrating atmosphere. 
Ultimately, at least during the spontaneous Infiltration, the 
infiltration enhancer should be located in at least a portion of the 
filler material or preform. 

In a preferred embodiment of the invention, 1t is possible that 

10 the Infiltration enhancer precursor can be at least partially reacted 
with the infiltrating atmosphere such that the Infiltration enhancer 
can be formed in at least a portion of the filler material or preform 
prior to or substantially contiguous with contacting the filler 
material or preform with the matrix metal (e.g., 1f magnesium was the 

15 infiltration enhancer precursor and nitrogen was the infiltrating 

atmosphere, the infiltration enhancer could be magnesium nitride which 
would be located in at least a portion of the preform or filler 
material). 

An example of a matrix metal/infiltration enhancer 
20 precursor/Infiltrating atmosphere system 1s the 

aluminum/magnesium/nitrogen system. Specifically, an aluminum matrix 
metal can be contained within a suitable refractory vessel which, under 
the process conditions, does not adversely react with the aluminum 
matrix metal and/or the filler material when the aluminum is made 
25 molten: A filler material or preform can thereafter be contacted with 
moTten aluminum matrix metal and spontaneously infiltrated. 

Moreover, rather than supplying an infiltration enhancer 
precursor, an infiltration enhancer may be supplied directly to at 
least one of the preform or filler material, and/or matrix metal, 
30 and/or infiltrating atmosphere. Ultimately, at least during the 

spontaneous infiltration, the Infiltration enhancer should be located 
in at least a portion of the filler material or preform. 

Under the conditions employed in the method of the present 
invention, in the case of an aluminum/magnesium/nltrogen spontaneous 
35 Infiltration system, the preform or filler material should be 
sufficiently permeable to permit the nitrogen-containing gas to 
penetrate or permeate the filler material or preform at some point 



WO 91/17280 



PCT/US91/03234 



- 38 - 

during the process and/or contact the molten matrix metal. Moreover, 
the permeable filler material or preform can accommodate infiltration 
of the molten matrix metal, thereby causing the nitrogen -permeated 
preform to be infiltrated spontaneously with molten matrix metal to 
5 form a metal matrix composite body and/or cause the nitrogen to react 
with an infiltration enhancer precursor to form infiltration enhancer 
in the filler material or preform and thereby result in spontaneous 
infiltration. The extent of spontaneous infiltration and formation of 
the metal matrix composite will vary with a given set of process 
10 conditions, including magnesium content of the aluminum alloy, 
magnesium content of the preform or filler material, amount of 
magnesium nitride in the preform or filler material, the presence of 
additional alloying elements (e.g., silicon, iron, copper, manganese, 
chromium, zinc, and the like), average size of the filler material 
15 (e.g., particle diameter) comprising the preform or the filler 

material, surface condition and type of filler material or preform, 
nitrogen concentration of the infiltrating atmosphere, time permitted 
for infiltration and temperature at which infiltration occurs. For 
example, for infiltration of the molten aluminum matrix metal to occur 
20 spontaneously, the aluminum can be alloyed with at least about 1 

percent by weight, and preferably at least about 3 percent by weight, 
magnesium (which functions as the infiltration enhancer precursor), 
based on alloy weight. Auxiliary alloying elements, as discussed 
above, may also be included in the matrix metal to tailor specific 
25 properties thereof. Additionally, the. auxiliary alloying elements may 
affect the minimum amount of magnesium required tn the matrix alumimnn 
metal to result in spontaneous infiltration of the filler material or 
preform. Loss of magnesium' from the spontaneous system due tov for 
example, volatilization should not occur to such an extent that no 
30 magnesium was present to form infiltration enhancer. Thus, it is 

desirable to utilize a sufficient amount of initial alloying elements 
to assure that spontaneous infiltration will not be adversely affected 
by volatilization. Still further, the presence of magnesium in both of 
the preform (or filler material) and matrix metal or the preform (or 
35 filler material) alone may result in a reduction in the required amount 
of magnesium to achieve spontaneous infiltration (discussed in greater 
detail later herein). 
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The volume percent of nitrogen 1n the infiltrating atmosphere 
also affects formation rates of the metal matrix composite body. 
Specifically, 1f less than about 10 volume percent of nitrogen is 
present In the atmosphere, very slow or little spontaneous Infiltration 

5 will occur. It has been discovered that it 1s preferable for at least 
about 50 volume percent of nitrogen to be present in the atmosphere, 
thereby resulting in, for example, shorter infiltration times due to a 
much more rapid rate of infiltration. The infiltrating atmosphere 
(e.g., a nitrogen-containing gas) can be supplied directly to the 

10 filler material or preform and/or matrix metal, or it may be produced 
or result from a decomposition of a material. 

The minimum magnesium content required for the molten matrix 
metal to infiltrate a filler material or preform depends on one or more 
variables such as the processing temperature, time, the presence of 

15 auxiliary alloying elements such as silicon or zinc, the nature of the 
filler material, the location of the magnesium in one or more 
components of the spontaneous system, the nitrogen content of the 
atmosphere, and the rate at which the nitrogen atmosphere flows. Lower 
temperatures or shorter heating times can be used to obtain complete 

20 infiltration as the magnesium content of the alloy and/or preform is 
increased. Also, for a given magnesium content, the addition of 
certain auxiliary alloying elements such as zinc permits the use of 
lower temperatures. For example, a magnesium content of the matrix 
metal at the lower end of the operable range, e.g., from about 1 to 3 

25 weight percent, may be used in conjunction with at least one of the 
following: an above-minimum processing temperature, a high nitrogen 
concentration, or one or more auxiliary alloying elements. When no 
magnesium is added to the preform, aTToys containing from about 3 to 5 
weight percent magnesium are preferred on the basis of their general 

30 utility over a wide variety of process conditions, with at least about 
5 percent being preferred when lower temperatures and shorter times are 
employed. Magnesium contents in excess of about 10 percent by weight 
of the aluminum alloy may be employed to moderate the temperature 
conditions required for infiltration. The magnesium content may be 

35 reduced when used 1n conjunction with an auxiliary alloying element, 
but these elements serve an auxiliary function only and are used 
together with at least the above-specified minimum amount of magnesium. 
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For example, there was substantially no infiltration of nominally pure 
aluminum alloyed only with 10 percent silicon at 1000 # C into a bedding 
of 500 mesh, 39 CRYSTOLON® (99 percent pure silicon carbide from Norton 
Co.)* However, in the presence of magnesium, silicon has been found to 
5 promote the infiltration process. As a further example, the amount of 
magnesium varies if it is supplied exclusively to the preform or filler 
material. It has been discovered that spontaneous infiltration will 
occur with a lesser weight percent of magnesium supplied to the 
spontaneous system when at least some of the total amount of magnesium 
10 supplied is placed in the preform or filler material. It may be 

desirable for a lesser amount of magnesium to be provided in order to 
prevent the formation of undesirable intermetallics in the metal matrix 
composite body. In the case of a silicon carbide preform, it has been 
discovered that when the preform is contacted with an aluminum matrix 
15 metal, the preform containing at least about 1% by weight magnesium and 
being in the presence of a substantially pure nitrogen atmosphere, the 
matrix metal spontaneously infiltrates the preform. In the case of an 
alumina preform, the amount of magnesium required to achieve acceptable 
spontaneous infiltration is slightly higher. Specifically, it has been 
20 found that when an alumina preform is contacted with a similar aluminum 
matrix metal, at about the same temperature as the aluminum that 
infiltrated into the silicon carbide preform, and in the presence of 
the same nitrogen atmosphere, at least about 3% by weight- magnesium may 
be required to achieve similar spontaneous infiltration to that 
25 achieved- in the silicon carbide preform discussed immediately above. 

It is also noted that it is possible to supply to the spontaneous 
system infiltration enhancer precursor and/or infiltration enhancer on 
a surface of the aTToy and/or on a surface of the preform or fillier 
material and/or within the preform or filler material prior to 
30 infiltrating the matrix metal into the filler material or preform 

(i.e., it may not be necessary for the supplied infiltration enhancer 
or infiltration enhancer precursor to be alloyed with the matrix metal, 
but rather, simply supplied to the spontaneous system). For example, 
in the aluminum/magnesium/nitrogen system, if the magnesium was applied 
35 to a surface of the matrix metal it may be preferred that the surface 
should be the surface which is closest to, or preferably in contact 
with, the permeable mass of filler material or vice versa; or such 



WO 91/17280 



PCT/US91/03234 



- 41 - 

magnesium could be mixed Into at least a portion of the preform or 
filler material. Still further, 1t is possible that some combination 
of surface application, alloying and placement of magnesium into at 
least a portion of the preform could be used. Such combination of 

5 applying infiltration enhancer(s) and/or infiltration enhancer 

precursor(s) could result 1n a decrease In the total weight percent of 
magnesium needed to promote infiltration of the matrix aluminum metal 
into the preform, as well as achieving lower temperatures at which 
infiltration can occur. Moreover, the amount of undesirable 

10 intermetallics formed due to the presence of magnesium could also be 
minimized. 

The use of one or more auxiliary alloying elements and the 
concentration of nitrogen in the surrounding gas also affects the 
extent of nltridlng of the matrix metal at a given temperature. For 

15 example, auxiliary alloying elements such as zinc or iron Included in 
the alloy, or placed on a surface of the alloy, may be used to reduce 
the Infiltration temperature and thereby decrease the amount of nitride 
formation, whereas Increasing the concentration of nitrogen in the gas 
may be used to promote nitride formation. 

20 The concentration of magnesium in the alloy, and/or placed onto a 

surface of the alloy, and/or combined in the filler or preform 
material, also tends to affect the extent of infiltration at a given 
temperature. Consequently, in some cases where little or no magnesium 
is contacted directly with the preform or filler material, it may be 

25 preferred that at least about three weight percent magnesium be 

included in the alloy. Alloy contents of less than this amount, such 
as one weight percent magnesium, may require higher process 
temperatures or an auxiliary alloying element for infiltration. The 
temperature required to effect the spontaneous infiltration process of 

30 this invention may be lower: (1) when the magnesium content of the 
alloy alone is increased, e.g., to at least about 5 weight percent; 
and/or (2) when alloying constituents are mixed with the permeable mass 
of filler material or preform; and/or (3) when another element such as 
zinc or iron is present 1n the aluminum alloy. The temperature also 

35 may vary with different filler materials. In general, in the 
aluminum/magnesium/nitrogen system spontaneous and progressive 
infiltration will occur at a process temperature of at least about 
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675 # C, and preferably a process temperature of at least about 750 # C- 
800 # C. Temperatures generally in excess of 1200*C do not appear to 
benefit the process, and a particularly useful temperature range has 
been found to be from about 675*C to about 1000*C. However, as a 

5 general rule, the spontaneous infiltration temperature is a temperature 
which 1s above the melting point of the matrix metal but below the 
volatilization temperature of the matrix metal. Moreover, the 
spontaneous infiltration temperature should be below the melting point 
of the filler material. Still further, as temperature is increased, 

10 the tendency to form a reaction product between the matrix metal and 

infiltrating atmosphere increases (e.g., in the case of aluminum matrix 
metal and a nitrogen infiltrating atmosphere, aluminum nitride may be 
formed). Such reaction product may be desirable or undesirable based 
upon the intended application of the metal matrix composite body. 

15 Additionally, electric resistance heating is typically used to achieve 
the infiltrating temperatures. However, any heating means which can 
cause the matrix metal to become molten and does not adversely affect 
spontaneous infiltration, is acceptable for use with the invention. 
In the present method, for example, a permeable filler material 

20 or preform comes into contact with molten aluminum in the presence of, 
at least sometime during the process, a nitrogen-containing gas. The 
nitrogen -containing gas may be supplied by maintaining a continuous 
flow of gas into contact with at least one of the filler material or 
preform and/or molten aluminum matrix metal. Although the flow rate of 

25. the nitrogen-containing gas is not critical,. It is preferred that the 
flow rate be sufficient to compensate for any nitrogen lost from the 
atmosphere due to any nitride formation, and also to prevent or inhibit 
the incursion of air which can have an oxidizing effect on tbe molten 
metal . 

30 The method of forming a metal matrix composite is applicable to a 

wide variety of filler materials, and the choice of filler materials 
will depend on such factors as the matrix alloy, the process 
conditions, the reactivity of the molten matrix alloy with the filler 
material, and the properties sought for the final composite product. 

35 For example, when aluminum is the matrix metal, suitable filler 

materials include (a) oxides, e.g. alumina, magnesia, zirconia etc.; 
(b) carbides, e.g. silicon carbide; (p) borides, e.g. aluminum 
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dodecaborlde, titanium dlboHde, and (d) nitrides, e.g. aluminum 
nitride, and (e) mixtures thereof. If there 1s a tendency for the 
filler material to react with the molten aluminum matrix metal, this 
might be accommodated by minimizing the Infiltration time and 

5 temperature or by providing a non-react1ve coating on the filler. The 
filler material may comprise a substrate, such as carbon or other non- 
ceramic material, bearing a ceramic coating to protect the substrate 
from attack or degradation. Suitable ceramic coatings Include oxides, 
carbides, borldes and nitrides. Ceramics which are preferred for use 

10 in the present method include alumina and silicon carbide 1n the form 
of particles, platelets, whiskers and fibers. The fibers can be 
discontinuous (in chopped form) or in the form of continuous filament, 
such as multifilament tows. Further, the filler material or preform 
may be homogeneous or heterogeneous. 

15 it also has been discovered that certain filler materials exhibit 

enhanced infiltration relative to filler materials having a similar 
chemical composition. For example, crushed alumina bodies made by the 
method disclosed 1n U.S. Patent No. 4,713,360, entitled "Novel Ceramic 
Materials and Methods For Making Same", which Issued on December 15, 

20 1987, In the names of Marc S. Newkirk et al., exhibit desirable 

infiltration properties relative to commercially available alumina 
products. Moreover, crushed alumina bodies made by the method 
disclosed in Commonly Owned U.S. Patent No. 4,851,375, which issued on 
July 25, 1989, in the names of Marc S. Newktrk et al., and is entitled 

25 "Methods* of Making Composite Ceramic Articles Having Embedded Filler," 
also exhibit desirable infiltration properties relative to commerctalTy 
available alumina products. The subject matter of each of these issued 
Patents is herein expressly incorporated by reference. Thus, it has 
been discovered that complete infiltration of a permeable mass of 

30 ceramic material can occur at lower Infiltration temperatures and/or 
lower infiltration times by utilizing a crushed or comminuted body 
produced by the method of the aforementioned U.S. Patents. 

The size, shape, chemistry and volume percent of the filler 
material (or preform) can be any that may be required to achieve the 

35 properties desired 1n the composite. Thus, the filler material may be 
in the form of particles, whiskers, platelets or fibers since 
Infiltration is not restricted by the shape of the filler material. 
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Other shapes such as spheres, tubules, pellets, refractory fiber cloth, 
and the like may be employed. In addition, the size of the filler 
material does not limit infiltration, although a higher temperature or 
longer time period may be needed for complete infiltration of a mass of 

5 smaller particles than for larger particles or vice-versa depending on 
the particular reaction conditions. Average particle diameters as 
small as a micron or less to about 1100 microns or more can be 
successfully utilized in the present invention, with a range of about 2 
microns through about 1000 microns being preferred for a vast majority 

10 of commercial applications. Further, the mass of filler material (or 
preform) to be infiltrated should be permeable (I.e., contain at least 
some interconnected porosity to render it permeable to molten matrix 
metal and/or to the infiltrating atmosphere). Moreover, by controlling 
the size (e.g., particle diameter) and/or geometry and/or composition 

15 of the filler material or the material comprising the preform, the 

physical and mechanical properties of the formed metal matrix composite 
can be controlled or engineered to meet any number of industrial needs. 
For example, wear resistance of the metal matrix composite can be 
increased by increasing the size of the filler material (e.g., 

20 increasing the average diameter of the filler material particles) given 
that the filler material has a higher wear resistance than the matrix 
metal. However, strength and/or toughness may tend to increase with 
decreasing filler size. Further, the thermal expansion coefficient of 
the metal matrix composite may decrease with increasing filler loading, 

25 given that the coefficient of thermal expaasian of the. filler is. lower, 
than the coefficient of thermal expansion of the matrix metal. Still 
further, the mechanical and/or physical properties (e.g., density, 
coefficient of thermal expansion, elastic and/or specific modulus, 
strength and/or specific strength, etc.) of a formed metal matrix 

30 composite body may be tailored depending on the loading of the filler 
material in the loose mass or in the preform. For example, by 
providing a loose mass or preform comprising a mixture of filler 
particles of varying sizes and/or shapes, wherein the density of the 
filler is greater than that of the matrix metal, a higher filler 

35 loading, due to enhanced packing of the filler materials, may be 

achieved, thereby resulting in a metal matrix composite body with an 
increased density. By utilizing the teachings of the present 
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Invention, the volume percent of filler material or preform which can 
be Infiltrated can vary over a wide range. The lower volume percent of 
filler that can be Infiltrated is limited primarily by the ability to 
form a porous filler material or preform, (e.g., about 10 volume 

5 percent); whereas the higher volume percent of filler or preform that 
can be infiltrated 1s limited primarily by the ability to form a dense 
filler material or preform with at least some interconnected porosity 
(e.g., about 95 volume percent). Accordingly, by practicing any of the 
above teachings, alone or 1n combination, a metal matrix composite can 

10 be engineered to contain a desired combination of properties. 

The method of forming metal matrix composites according to the 
present invention, not being dependent on the use of pressure to force 
or squeeze molten matrix metal into a preform or a mass of filler 
material, permits the production of substantially uniform metal matrix 

15 composites having a high volume fraction of filler material and low 
porosity. Higher volume fractions of filler material may be achieved 
by using a lower porosity initial mass of filler material. Higher 
volume fractions also may be achieved 1f the mass of filler is 
compacted or otherwise densified provided that the mass is not 

20 converted Into either a compact with Closed cell porosity or into a 
fully dense structure that would prevent infiltration by the molten 
alloy. Specifically, volume fractions on the order of about 60 to 80 
volume percent can be achieved by methods such as vibrational packing, 
controlling particle size distribution, etc. However, alternative 

Z5 techniques can be utilized to achieve even higher volume fractions .of 
filler. Volume fractions of filler on the order of 40 to 50 percent 
are preferred for thermo-forarfng in accordance with the present 
invention. At such voTume fractions, the infiltrated composite 
maintains or substantially maintains its shape, thereby facilitating 

30 secondary processing. Higher or lower particle loadings or volume 
fractions could be used, however, depending on the desired final 
composite loading after thermo- forming. Moreover, methods for reducing 
particle loadings can be employed 1n connection with the thermo- forming 
processes of the present invention to achieve lower particle loadings. 

35 it has been observed that for aluminum Infiltration and matrix 

formation around a ceramic filler, wetting of the ceramic filler by the 
aluminum matrix metal may be an important part of the infiltration 
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mechanism. Further, the wetting of the filler by molten matrix metal 
may permit a uniform dispersion of the filler throughout the formed 
metal matrix composite and improve the bonding of the filler to the 
matrix metal. Moreover, at low processing temperatures, a negligible 

5 or minimal amount of metal nltriding occurs resulting 1n a minimal 

discontinuous phase of aluminum nitride dispersed in the metal matrix. 
However, as the upper end of the temperature range is approached, 
nitridatlon of the metal is more likely to occur. Thus, the amount of 
the nitride phase in the metal matrix can be controlled by varying the 

10 processing temperature at which infiltration occurs. The specific 

process temperature at which nitride formation becomes more pronounced 
also varies with such factors as the matrix aluminum alloy used and its 
quantity relative to the volume of filler or preform, the filler 
material to be infiltrated, and the nitrogen concentration of the 

15 infiltrating atmosphere. For example, the extent of aluminum nitride 
formation at a given process temperature is believed to increase as the 
ability of the alloy to wet the filler decreases and as the nitrogen 
concentration of the atmosphere increases. 

It is therefore possible to tailor the constituency of the metal 

20 matrix during formation of the composite to impart certain 

characteristics to the resulting product. For a given system, the 
process conditions can be. selected to control the nitride formation. A 
composite product containing an aluminum nitride phase will exhibit 
certain properties which can be favorable to t or Improve the 

25. performance of * the product. Further* the temperature range for 
spontaneous infiltration with an aluminum alloy may vary with the 
ceramic material used.. In the case of alumina as the filler material, 
the temperature for infiltration should preferably not exceed about 
1000*C if it is desired that the ductility of the matrix not be reduced 

30 by the significant formation of nitride. However, temperatures 
exceeding 1000 P C may be employed if it is desired to produce a 
composite with a less ductile and stiffer matrix. To infiltrate 
silicon carbide, higher temperatures of about 1200 # C may be employed 
since the aluminum alloy nitrides to a lesser extent, relative to the 

35 use of alumina as a filler, when silicon carbide is employed as a 
filler material . 
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Moreover, the metallic phase of the formed metal matrix composite 
may be modified by providing a transition element (e.g., N1, Co, Fe, 
T1, Zr, etc.) or a precursor thereof Into the metallic phase of the 
metal matrix composite. For example, a transition element may be 

5 provided into at least a portion of the filler material. Further, the 
transition element may be provided from a reducible compound which 
liberates a transition element when contacted by molten matrix metal. 
Further still, the transition element may be an alloying constituent of 
the matrix metal . 

10 In one embodiment, the transition element may form an 

Intermetallic compound with the matrix metal (e.g., N1A1, N1 2 A1, Fe 3 Al, 
T1A1, Co 3 Al, Zr 3 Al, etc.). Further, at least a portion of at least the 
surface of the metallic phase of the formed metal matrix composite may 
be modified by carbonization, nitrldation, borldization, etc. More 

15 Importantly, modifying the metallic phase within a formed metal matrix 
composite may permit fabrication of a metal matrix composite which 
possesses improved corrosion, erosion, and temperature resistance 1n 
comparison to a metal matrix composite which does not possess a 
modified metallic phase. 

20 Further still, the constituency of the matrix metal within the 

metal matrix compostte and any defects whlcb may be present, for 
example, porosity, may be modified by controlling the cooling rate of 
the metal matrix composite. For example, the metal matrix composite 
may be directionally solidified by any number of techniques including: 

25 placing the container holding the metal matrix composite upon a chill 
plate; and/or selectively placing Insulating materials about the 
container. Further, the constituency of the metal matrix may be 
modified after formation of the metal matrix composite. For example, 
exposure of the formed metal matrix composite to a heat treatment may 

30 improve the tensile strength (the standard test for tensile strength is 
ASTM-D3552-77, reapproved 1982) of the metal matrix composite. 

For example, a desirable heat treatment for a metal matrix 
composite containing a 520.0 aluminum alloy as the matrix metal may 
comprise heating the metal matrix composite to an elevated temperature, 

35 for example, to about 430*C, which is maintained for an extended period 
(e.g., 18-20 hours). The metal matrix composite may then be quenched 
in boiling water at about 100'C for about 20 seconds (i.e., a T-4, heat 
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treatment) which can temper or Improve the ability of the composite to 
withstand tensile stresses. 

Moreover, 1t 1s possible to use a reservoir of matrix metal to 
assure complete infiltration of the filler material and/or to supply a 

5 second metal which has a different composition from the first source of 
matrix metal . Specifically, in some cases it may be desirable to 
utilize a matrix metal in the reservoir which differs in composition 
from the first source of matrix metal. For example, if an aluminum 
alloy is used as the first source of matrix metal, then virtually any 

10 other metal or metal alloy which was molten at the processing 

temperature could be used as the reservoir metal. Molten metals 
frequently are very mlscible with each other which would result in the 
reservoir metal mixing with the first source of matrix metal so long as 
an adequate amount of time is given for the mixing to occur. Thus, by 

15 using a reservoir metal which is different in composition from the 

first source of matrix metal, it is possible to tailor the properties 
of the metal. matrix to meet various operating requirements and thus 
tailor the properties of the resulting metal matrix composite. 

As discussed briefly above, a barrier means may also be utilized 

20 in combination with the present invention. Specifically, the barrier 
means for use with this invention may be any suitable means which 
interferes, inhibits, prevents or terminates the migration, movement, 
or the like, of molten matrix alloy (e.g., an aluminum alloy) beyond 
the defined surface boundary of the filler material. Suitable barrier 

2S means may be any material, compound, element, composition, or the like, 
which, under the process conditions of this invention, maintains some 
integrity, is not volatile, and preferably is permeable to the gas used 
with the process, as weTT as being capable of locally inhibiting, 
stopping, interfering with, preventing, or the like, continued 

30 infiltration or any other kind of movement beyond the defined surface 
boundary of the ceramic filler. Barrier means may be used during 
spontaneous infiltration or in any molds or other fixtures utilized in 
connection with thermo-forming of the spontaneously infiltrated metal 
matrix composite, as discussed in greater detail below. 

35 Suitable barrier means includes materials which are substantially 

non-wettable by the migrating molten matrix alloy under the process 
conditions employed. A barrier of this type appears to exhibit little 
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or no affinity for the molten matrix alloy, and movement beyond the 
defined surface boundary of the filler material or preform 1s prevented 
or Inhibited by the barrier means. The barrier reduces any final 
machining or grinding that may be required of the metal matrix 
5 composite product. As stated above, the barrier preferably should be 
permeable or porous, or rendered permeable by puncturing, to permit the 
gas (e.g., Infiltrating atmosphere) to contact the molten matrix alloy. 

Suitable barriers particularly useful for aluminum matrix alloys 
are those containing carbon, especially the crystalline allotroplc form 

10 of carbon known as graphite. Graphite 1s essentially non-wettable by 
the molten aluminum alloy under the described process conditions. A 
particular preferred graphite is a graphite foil product that is sold 
under the trademark GRAFOIL®, registered to Union Carbide. This 
graphite foil exhibits sealing characteristics that prevent the 

15 migration of molten aluminum alloy beyond the defined surface boundary 
of the filler material. This graphite foil is also resistant to heat 
and is chemically Inert. GRAFOIL® graphite foil is flexible, 
compatible, conformable and resilient. It can be made into a variety 
of shapes to fit any barrier application. GRAFOIL® is particularly 

20 preferred because it is in the form of a flexible graphite sheet. In 
use, this paper-Uke graphite Is simply formed around the filler 
material or preform. Moreover, In addition to or in combi nation with 
GRAFOIL®, other graphite barrier means may be employed as- a slurry or 
paste or even as a paint film around and on the boundary of the fiTler 

25 material or preform. 

Other preferred barrler(s) for aluminum metal matrix aTToys in 
nitrogen are the transition metal borides (e.g., titanium diboride 
(TiB 2 )) which are generally non-wettable by the molten aluminum metal 
alloy under certain of the process conditions employed when using this 

30 material. With a barrier of this type, the process temperature should 
not exceed about 875'C, for otherwise the barrier material becomes less 
efficacious and, in fact, with Increased temperature infiltration into 
the barrier will occur. Moreover, the particle size of the barrier 
material may affect the ability of the material to inhibit spontaneous 

35 infiltration. The transition metal borides are typically in a 

particulate form (1-30 microns). The barrier materials may be applied 
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as a slurry or paste to the boundaries of the permeable mass of ceramic 
filler material which preferably Is preshaped as a preform. 

Other useful barriers for aluminum metal matrix alloys 1n nitrogen 
Include low- volatile organic compounds applied as a film or layer onto 

5 the external surface of the filler material or preform. Upon firing in 
nitrogen, especially at the process conditions of this Invention, the 
organic compound decomposes leaving a carbon soot film. The organic 
compound may be applied by conventional means such as painting, 
spraying, dipping, etc. 

10 Moreover, finely ground particulate materials can function as a 

barrier so long as Infiltration of the particulate material would occur 
at a rate which is slower than the rate of infiltration of the filler 
material . 

Thus, the barrier means may be applied by any suitable means, 
15 such as by covering the defined surface boundary with a layer of the 
barrier means. Such a layer of barrier means may be applied by 
painting, dipping, silk screening, evaporating, or otherwise applying 
the barrier means in liquid, slurry, or paste form, or by sputtering a 
vaporizable barrier means, or by simply depositing a layer of a solid 
20 particulate barrier means, or by applying a solid thin sheet or film of 
barrier means onto the defined surface boundary. With the barrier 
means in place, spontaneous infiltration substantially terminates when 
the infiltrating matrix metal reaches the defined surface boundary and 
contacts the barrier means. 
25 Various demonstrations of the present invention are included in 

the Examples immediately following. However, these Examples should be 
considered as being illustrative and should not be construed as 
limiting the scape of the invention as defined in the appended claims. 

30 Example 1 

This Example illustrates that the techniques of the present 
invention can be used to infiltrate a tape cast preform to produce a 
metal matrix composite body which resembles the configuration of the 
preform. The setup used to carry out the Infiltration is shown 
35 schematically in Figures la-lc. 

A two piece graphite mold having male 22 and female 10 halves was 
utilized to shape a tape cast sheet U fabricated by Keramos 
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Industries, Inc., of Morrlsvllle, PA, using standard tape coating 
techniques. The exterior dimensions of the graphite mold measured 
about 7 inches (178 mm) by about 9 Inches (229 mm) by about 2 Inches 
(51 mm). The Interior of the graphite mold defined, respectively, 
5 upper 20 and lower 18 cavities which were Interconnected in a manner 
sufficient to permit fluid flow therebetween. The upper cavity 20, 
which opened outwardly to the exterior of the mold, housed the matrix 
metal prior to infiltration. The lower cavity 18 was utilized to press 
mold a tape cast sheet of material 14 Into a rectangular shape having a 
10 lip which 1s perpendicular to, and along, the perimeter of the 
rectangle. 

In order to mold a tape cast sheet of material 14 into a preform, 
the upper 20 and lower 18 cavities of the two piece graphite mold were 
coated with a slurry of colloidal graphite 12 (DAG 154, Acheson Colloid 

15 Company, Port Huron, MI). 

A tape cast sheet 14 measuring about 5 1/2 inches (140 mm) square 
and about 35 mils (0.9 mm) thick and comprising by weight about 6 
percent magnesium powder (-325 mesh (substantially all particles < 45 
im 1n diameter), Hart Corp., Tamaqua, PA) 28 percent 500 grit (17 im 

20 particle diameter) green silicon carbide (39 CRYST0L0N®, Norton 
Company, Worcester, MA), and the balance 220 grit (66 im particle 
diameter) green silicon carbide (39 CRYSTOLON®, Norton Company, 
Worcester, MA) was placed against the coated lower cavity 12, 18 of the 
female half of the graphite mold 10. The dimensions of the lower 

25 cavity 18 are smaller than the tape cast sheet 14 and correspond to the 
rectangular configuration discussed above. The male half of -the 
graphite mold 22 was brought toward the tape cast sheet 14 1n the 
female half 10. The two halves of the graphite mold were forced 
together and damped into place so as to deform the pliable tape cast 

30 sheet 14 to the shape of the lower cavity 18 of the mold 10. 

An edge of the resultant preform 14 comprising the shaped tape 
cast material extended from the lower cavity 18 into the upper cavity 
20. The exposed edge of the tape cast preform 14 was sprinkled with a 
layer of magnesium powder 16 (-100 mesh (substantially all particles < 

35 150 /im in diameter), Hart Co., Tamaqua, PA). The graphite mold and Its 
contents were oriented such that the upper cavity 20 opened upwardly. 
The upper cavity 20 of the graphite mpld 10, 22 measured about 5 inches 
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(127 mm) by about 3 Inches (76 mm) by about 1 inch (25 mm). The 
graphite mold 10, 22 and Its contents were then placed Into a graphite 
boat 26 measuring about 4 Inches (102 mm) by about 15 Inches (381 mm) 
by about 1 Inch (25 mm) deep. The upper cavity of the graphite mold 

5 was lined with graphite foil (GRAFOIL®, Union Carbide Co., Carbon 

Products D1v., Cleveland, OH) to form a feeder box 28 having dimensions 
approximately the same of those of the matrix metal alloy 24. The 
feeder box 28 was open on both ends, wherein one opening was smaller 
and extended Into contact with the exposed edge of the preform in the 

10 lower cavity. Specifically, the graphite foil feeder box 28 was 

positioned inside the upper cavity 20 of the graphite mold 10, 22 such 
that the smaller openings or slot which measured about 2 1/2 inches (65 
mm) by about 1/2 inch (13 mm), was adjacent to the magnesium coated 16 
preform edge. An ingot of matrix metal 24 weighing about 500 grams and 

15 comprising by weight about 15 percent silicon, 5 percent magnesium, and 
the balance aluminum was placed into the graphite foil feeder box 28 
within the upper cavity 20. 

The graphite boat 26 and Its contents were placed into a vacuum 
furnace. The furnace atmosphere was evacuated to about 30 inches of 

20 mercury vacuum and then backfilled with nitrogen gas at atmospheric 
pressure. A nitrogen gas flow rate of about 5 liters per minute 
through the furnace was maintained. The furnace temperature was raised 
from room temperature to about 200'C at a rate of about 200*C per hour. 
After about 4.5 hours at about 200'C, the temperature was Increased to 

25 about. 825'C at a rate of about 50*C per. hour. After about 15 hours at 
about 825'C, the graphite boat 26 and its contents were removed from 
the furnace and placed on top. of a water cooled aluminum quench, plate 
to permit directional solidification. Directional solidification was 
enhanced by pouring a particulate mixture of hot topping material 

30 (FEED0L* 9, Foseco, Inc., Cleveland, OH) on top of the molten matrix 

metal 24 within the upper cavity 20 of the graphite mold 10, 22. After 
cooling to about room temperature, the graphite mold 10, 22 was 
disassembled to reveal that at least some of the matrix metal 24 had 
infiltrated the tape cast ceramic preform 14 to produce a metal matrix 

35 composite material of near net-shape. 
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Example 2 

This Example illustrates the ability of the present Invention to 
fabricate several thin metal matrix composite bodies by Infiltrating a 
plurality of preforms from one reservoir of matrix metal. The setup 

5 used to carry out the Infiltration 1s shown schematically in Figure 2. 

The preform 52 comprised by weight about a 70:30 blend of 220 
grit (66 /un average particle size) and 500 grit (17 /tm average particle 
size) green silicon carbide powders (39 CRYSTOLON®, Norton Company, 
Worcester, MA) which had been ball milled dry for about 24 hours. 

10 About 6 percent by weight magnesium powder (-325 mesh (substantially 

all particles < 45 /on in diameter), Reade Manufacturing Co., Lakehurst, 
NJ) was added to the blend of silicon carbide and the blend was tape 
case into a thin preform by Keramos Industries, Inc., of Morrisville, 
PA, using conventional tape casting techniques. The tape cast preforms 

15 52 measured about 3 7/16 inches (87 mm) by about 3 1/4 inches (83 mm) 
by about 1/2 inch (13 mm) In thickness. An assembly 50, 52, 54, 56 
comprising a plurality of tape cast preforms 52 was prepared by 
stacking preforms and graphite foil 50 1n an alternating manner upon 
two sheets of graphite foil 50 (GRAF0IL®, Union Carbide Co., Carbon 

20 Products D1v., Cleveland, OH) each measuring about 3 7/16 inches (87 

mm) by 3 1/4 (83 mm) Inches by 35 mils (0.89 mm) thick. The two sheets 
of graphite foil rested upon a first. graphite tile 56 measuring about 3 
7/16 (87 mm) inches by 3 1/4 Inches (83 mm) by 1/2 inch (13 mm) thick. 
Two layers of graphite foil 50 each having substantially the same 

25 dimensions as the first two layers of graphite foil 50 were placed.upan 
each tape, cast preform 52. This layering sequence comprising 1 sheet 
of tape cast filler 52 and two sheets of graphite foil 50 was repeated 
until an assembly 50, 52, 54, 56 comprising 19 sheets of tape cast 
preform was produced. A second graphite tile 54 having substantially 

30 the same dimensions as the first graphite tile was placed upon the last 
two sheets of graphite foil 50 to complete the preform assembly 50, 52, 
54, 56. 

Green silicon carbide powder 62 (39 CRYSTOLON® 90 grit) of about 
216 jim average particle size was also placed into a GRAF0IL® graphite 
35 foil box 60, which measured about 6 inches (152 mm) square and about 10 
inches (254 mm) deep, substantially adjacent to the walls of the box 
60. Specifically, a GRAF0IL® graphite foil form (not shown in Figure) 
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in the shape of a box measuring about 4 1/2 Inches (114 mm) square, 
about 9 Inches (229 mm) high, and open at both ends was centered on the 
floor of the GRAFOIL® graphite foil box. The 216 pm average particle 
size silicon carbide powder 62 was poured Into the graphite foil box in 
5 the cavity defined by the box and the graphite foil form to a depth of 
about 4 Inches (102 mm) and leveled. A particulate mixture 58 
comprising by weight about 15 percent borosllicate glass frit (F-12, 
Fusion Ceramics, Inc., Carrollton, OH) and the balance 90 grit (average 
particle size of about 216 im) alumina (El ALUNDUH®, Norton Company, 
10 Worcester, HA) was poured into the interior of the graphite foil form 
until a depth of about 1/8 inch (3 mm) was reached in the graphite foil 
box 60 (GRAFOIL®). 

The preform assembly 50, 52, 54, 56 discussed above was rotated 
by about 90* such that the longitudinal axes of the tape cast preform 
15 52 was oriented in a substantially vertical manner. The preform 

assembly 50, 52, 54, 56 was then centered on the particulate mixture 58 
1n the GRAFOIL® box 60. An additional amount of the particulate 
mixture 58 was poured around the sides of the preform assembly to a 
height substantially flush with the top of the preform assembly and 
20 leveled. The exposed top surface of the preform assembly 50, 52, 54, 

56 was covered with an approximately 1/8 Inch (3 mm) thick layer of dry 
particulate 70:30 weight ratio mixture 64 of 54 grit (430 fm average 
particle size) and 90 grit (216 pm average particle size) green silicon 
carbides (39 CRYSTOLON®) to which 2. percent magnesium powder (-325 mesh 
25 (substantially all particle diameters < 4S im), Reade Manufacturing 
Co., Lakehurst, NJ) had been added. An approximately 1/8 inch (3 mm) 
thick layer of magnesium powder 66 (-100 mesh, substantially all 
particle diameters < 150 pm, Hart Co., Tamaqua, PA) was then placed on 
top of this particulate mixture layer 64. 
30 An ingot of matrix metal 68 comprising by weight about 15 percent 

silicon, 5 percent magnesium, and the balance aluminum and measuring 
about 4 inches (102 mm) long by 2 inches (51 mm) wide by 1/2 Inches (13 
mm) thick was then placed on top of the magnesium powder layer 66 to 
serve as a matrix metal reservoir. An additional quantity of the glass 
35 frit and alumina particulate mixture 58 was placed into the graphite 
foil box 60 around the matrix metal ingot 68 until the level of the 
glass frit mixture 58 was substantially flush with the top of the 
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matrix metal Ingot 68. The approximately 4 1/2 Inch (114 mm) square 
GRAFOIL* form was then removed from the setup. 

The graphite foil box 60 and Its contents were then placed Into a 
stainless steel boat 70 just slightly larger than the graphite foil box 

5 60. The graphite boat 70 and Its contents were then placed into a 
resistance heated controlled atmosphere furnace. The furnace chamber 
was evacuated to about 30 inches (762 mm) of vacuum and then backfilled 
with conmerdally pure nitrogen gas. A nitrogen gas flow rate of about 
5 liters per minute was established through the furnace. The furnace 

10 temperature was raised to about 200'C at a rate of about 50 e C per hour 
and held to about 200'C for about 42 1/2 hours. The temperature was 
then raised to about 450* C at a rate of about 50* C per hour and held at 
about 450*C for about 5 hours. The temperature was then raised to 
about 825*C at a rate of about 200*C per hour and held at about 825'C 

15 for about 6.6 hours. The stainless steel boat 70 and its contents were 
removed from the furnace. The graphite foil box 60 and its contents 
were removed from the stainless steel boat 70 and placed onto a water 
cooled aluminum quench plate to directionally solidify the molten 
metal. To help maintain the temperature gradient, a hot topping 

20 particulate mixture (FEEDOL* 9, Foseco, Inc., Cleveland, OH) was poured 
on top of the molten matrix metal reservoir 68. After cooling to 
substantially room temperature, the graphite foil box 60 was 
disassembled to reveal that the matrix metal ingot 68 had infiltrated 
the 19 tape cast preforms 50 to produce 19 thin sheets of metal matrix 

25 composite. Each metal matrix composite sheet 50 was separated from the 
carcass of matrix metal ingot 69. 



Example 3 

This ExampTe demonstrates another method of forming a metal 
30 matrix composite by infiltrating a matrix metal into a tape cast 
preform. The setup for carrying out the infiltration is shown 
schematically in Figure 3. 

A tube of matrix metal 80 measuring about 4 inches (102 mm) long 
and having an outside diameter of about 2 1/2 inches (64 mm) and a wall 
35 thickness of about 1/4 Inch (6 mm) and comprising by weight about 0.4- 
0.8 percent S1, 0.7 percent Fe, 0.15-0.40 percent Cu, 0.15 percent Mn, 
0.8-1.2 percent Mg, 0.04-0.35 percent Cr, 0.25 percent Zn, 0.15 percent 
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T1 and the balance aluminum was first sandblasted on the Inside and 
then sanded by hand on the inside with 240 grit (63 pa average particle 
size) (approximately) sandpaper. A slurry 82 comprising by weight 
about 33 percent magnesium particulate (-325 mesh particle size (< 45 
5 /im), Hart Corporation, Tamaqua, PA) and the balance ethyl alcohol was 
painted onto the Inside of the matrix metal tube and allowed to dry in 
air for about 1/2 hour. 

A preform was provided by cutting a tape cast ceramic sheet 84 to 
substantially conform to the Interior dimensions of the aluminum matrix 
10 metal tube 80. The tape cast ceramic sheet 84 which was about 35 mil 
(0.89 mm) thick and was fabricated by the same techniques as for the 
tape cast sheet of Example 2 and comprised by weight about 6 percent 
magnesium powder (-325 mesh particle size (< 45 /tm), Hart Corporation, 
Tamaqua, PA), 28 percent 500 grit (average particle size of about 17 
15 im) green silicon carbide (39 CRYSTOLON®, Norton Company, Worcester, 
HA), and the balance 220 grit (average particle size of about 66 m) 
green silicon carbide (39 CRYST0L0N®). The shape of the preform was 
determined by placing the tape case ceramic sheet 84 in contact with 
the interior wall of the tube of matrix metal 80. A second sheet 86 of 
20 this 35 mil (0.89 mm) thick tape cast ceramic sheet was cut similarly 
and placed into the tube of matrix metal 80 and 1n contact with the 
exposed surface of the first sheet 84. 

A sheet of graphite foil 88 (GRAFOIL®, Union Carbide Company, 
Carbon Products Div., Cleveland, OH) was cut so as to substantially 
25 cover the exposed surface of the second tape cast ceramic sheet 86 
within the tube of matrix metal 80. The tube of matrix metal 80 and 
Its laminated layers, of preform material were, placed with the 
longitudinal axis of the tube oriented vertically into a graphite boat 
90 measuring about 6 inches (152 mm) square and about 4 inches (102 mm) 
30 in depth. Loose particulate bedding material 92 of alumina (90 grit, 
38 ALUNDUH®, Norton Co., Worcester, MA) of about 216 im average 
particle size was then poured into the graphite boat 90 and inside of 
the matrix metal tube 80, to a level substantially flush with the top 
of the tube. 

35 The graphite boat 90 and its contents were placed into an 

electric resistance controlled atmosphere furnace. The furnace chamber 
was evacuated to about 30 inches (762 mm) of mercury vacuum and 
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backfilled with commercially pure nitrogen gas. Nitrogen was passed 
through the furnace at a flow rate of about 3 liters per minute. The 
furnace temperature was Increased from room temperature to about 425 *C 
at a rate of about 50'C per hour. After maintaining a temperature of 

5 about 425*C for about 5 hours, the temperature was Increased to about 
800*C at a rate of about 100*C per hour. After maintaining a 
temperature of about 800' C for about 5 hours, the temperature was 
decreased to about 675*C at a rate of about 200'C per hour. At a 
temperature of about 675*C, the graphite boat 90 and Its contents were 

10 removed from the furnace and placed onto a water cooled aluminum quench 
plate to permit directional solidification. A particulate hot topping 
material (FEEDOL® 9, Foseco, Inc., Cleveland, OH) was poured onto the 
top of the alumina bedding material 92 and the molten matrix metal 80. 
A ceramic fiber blanket (CERABLANKET®, Manville Refractory Products, 

15 Denver, CO) measuring about 2 Inches (51 mm) thick and sufficiently 

large to cover the entire graphite boat was placed over the top of the 
graphite boat 90. After cooling to substantially room temperature, the 
matrix metal tube 80 was removed from the graphite boat 90 and the 
graphite foil layer 88 was removed from the inside of the matrix metal 

20 tube 80 to reveal that the matrix metal 80 had infiltrated at least a 
portion of the two layers of tape cast ceramic, preform material 84, 86 
to produce a metal matrix composite material . The formed metal matrix 
composite was tubular and resembled the shape of the original matrix 
metal .. 

25 

ExampTe 4 

This Example demonstrates that a thtn metal matrix composite body 
can be . fabricated by applying a coating of particulate matrix metal 
onto a thin preform or body of filler material and spontaneously 

30 infiltrating the matrix metal Into the filler material. The setup for 
carrying out the infiltration is shown schematically in Figure 4. 

A thin preform 140 of filler material measuring about 9 inches 
(229 mm) long by about 6 inches (152 mm) wide by about 0.035 Inches 
(0.89 mm) thick was fabricated by tape casting a slurry of filler 

35 material in substantially the same manner as was used in tape casting 
the preforms of Examples 1-3. The filler material to be tape cast 
comprised an approximately 70:30 blend by weight of 220 grit (56 pm 
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average particle size) and 500 grit (17 m average particle size) 39 
CRYSTOLON® green silicon carbide particulates (Norton Co., Worcester, 
HA) which had been ball milled dry for about 24 hours in a porcelain 
ball mill (U.S. Stoneware Corporation) containing approximately 15/16 

5 inch (24 mm) diameter alumina milling media (Standard Ceramic Supply 
Company, a Division of Chem-Clay Corporation, Pittsburgh, PA). 
Binders, plasticizers, etc. and by weight about 6 percent magnesium 
particulate (-325 mesh particle size (< 45 pm), Reade Manufacturing 
Company, Lakehurst, HO) were added to the filler material and tape cast 

10 Into a preform. 

The tape cast preform 140 was placed flat onto a first sheet 142 
of GRAF0IL® graphite foil (Union Carbide Co., Carbon Products Div., 
Cleveland, OH) measuring about 0.015 Inches (0.89 mm) thick and 
slightly larger in both length and width dimensions than the tape cast 

15 preform 140. A slurry of matrix metal 154 comprising by weight about 
33 percent acetone and the balance AESAR® aluminum powder (-325 mesh 
particle size (< 45 jm), 99.5% pure, AESAR Group of Johnson Hatthey 
Company, Seabrook, NH) was painted onto one of the exposed 9 inch (229 
mm) by 6 inch (152 mm) surfaces of the tape cast preform 140 until a 

20 thickness of about 0.020 inch (0.50 mm) was obtained. A second sheet 
144 of GRAFOIL® graphite foil having substantially the same dimensions 
as the first sheet 142 of GRAFOIL® graphite foil was placed, upon the 
slurry of matrix metal 154 upon the tape cast preform 140. 

A GRAFOIL® graphite foil box 146 for housing additional matrix 

25 metal which measured about 2 3/4 inches (70 mm) square and about 3 
inches (76 mm) tall was fabricated from a single sheet of GRAFOIL® 
graphite foil that was cut and folded to form a box open on one end. 
The folds were cemented together with RIGIDLOCK® graphite cement 
(Polycarbon Corp., Valencia, CA) and staples were utilized to reinforce 

30 the graphite cement. An approximately 1 inch (25 mm) square hole was 
cut into the bottom of the box. The GRAFOIL® box 146 was then placed 
upon the second sheet 144 of GRAFOIL® graphite foil overlying the 
coated tape case preform 140, 154 such that the hole in the graphite 
box substantially coincided with the hole in the second sheet. About 

35 1-2 grams of magnesium particulate 148 (-100 mesh particle size (< 150 
/tm), Hart Corporation, Tamaqua, PA) was sprinkled evenly over the 
square holes in the GRAF0IL® box 146 and second sheet of graphite foil 
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144. An ingot of matrix metal 150 weighing about 282 grams measuring 
about 1 3/4 Inches (44 mm) square by about 2 inches (51 mm) tall and 
having substantially the same chemical composition as the slurry of 
matrix metal 154 was placed into the GRAFOIL® box 146 and upon the 
5 layer of magnesium particulate 148 to form an assembly. 

The graphite container 152 for housing the assembly measured 
about 14 inches (356 mm) long by about 10 1/4 inches (260 mm) wide by 
about 1 1/2 inches tall and having a wall thickness of about 1/4 inch 
(6 mm). The assembly was placed into the graphite container 152. The 

10 graphite container 152 and its contents were placed into a retort 
within a furnace at substantially room temperature. The retort was 
sealed, evacuated to about 30 inches (762 mm) of mercury vacuum and 
then backfilled with commercially pure nitrogen gas to substantially 
atmospheric pressure. A nitrogen gas flow rate of about 4 liters per 

15 minute was established through the retort. The temperature in the 

retort was increased from room temperature to about 450 *C at a rate of 
about 50 # C per hour. After maintaining a temperature of about 450*C 
for about 5 hours, the temperature was then increased to about 810*C at 
a rate of about 200*C per hour. After maintaining a temperature of 

20 about 810*C for about 10 hours, the graphite container 152 and its 

contents were removed from the retort and placed onto a graphite chill 
plate. A hot topping particulate mixture FEED0L® No. 9 was poured on 
top of the residual molten matrix metal 150. After cooling to 
substantially room temperature, the assembly was removed from the 

25 graphite container 152. The GRAFOIL® sheets 142, 144 adjacent to what 
was formerly the tape cast preform 140 and the layer of powdered matrix 
metal 154 were peeled away to reveal that at least some of the matrix 
metal 150, 154 had infiltrated at least a portion of the tape cast 
preform 140 to produce a thin metal matrix composite body. 

30 Furthermore, the formed metal matrix composite featured a residual thin 
layer of matrix metal on one side which was bonded intimately to the 
thin metal matrix composite body (i.e., the body comprised a 
macrocomposite consisting of a thin layer of unreinforced matrix metal 
bonded integrally to a thin layer of metal matrix composite. 
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Example 5 

This Example demonstrates that thin metal matrix composite bodies 
can be produced by infiltrating a drain cast ceramic preform. Figure 5 
shows schematically the setup employed to carry out this infiltration. 

5 The preform comprised "prefired" and "as-received" silicon 

carbide. The "prefired" silicon carbide comprised partially oxidizing 
"as -received" silicon carbide to form a protective silica (Si0 2 ) layer 
on the surface of the particles. Specifically, 500 mesh (17 microns) 
silicon carbide particulate (39 CRY STOLON®, Norton Co., Worcester, MA) 

10 was loaded into a refractory boat measuring approximately 14 inches 
(356 mm) by about 11 inches (279 mm) by about 6 inches (152 mm) to a 
depth of approximately 3 inches (75 mm) which was lined with a ceramic 
paper (FIBERFRAX®, SOHIO/Carborundum Co., Niagara Falls, NY). The boat 
was placed into an electric resistance furnace and heated to about 

15 1325'C in about 15 hours, held at about 1325*C for about 24 hours and 
allowed to cool to room temperature. The silica content of the 
oxidized powder comprised between about 15 and 25 percent of the total 
weight of the powder. The partially oxidized powder was comminuted by 
jaw crushing, followed by sieving until any agglomerates, which may 

20 have formed, and were reduced to the original particle size. 

A similar treatment was given to the 1000 mesh (6 microns) 
silicon carbide particulate material (CARB0L0N® F1000, Exolon-ESK, 
Tonawanda, NY) to form a protective silica layer with the exception 
that the furnace schedule was modified so that the firing comprised an 

25 approximately 3 1/2 hour soak at a temperature of about 1250TC- 

A tubular preform was prepared by drain casting a dispersion 
comprising about 72 weight percent solids of silicon carbide. 
Specifically, about 1400 grams of deionized water was poured into an 
approximately four liter plastic jar containing about 10,000 grams of 

30 1/2 inch (13 mm) diameter by 1/2 inch (13 mm) high cylindrical alumina 
grinding media (BURUNDUM®, U.S. Stoneware, Mahwah, NJ), to which about 
1 gram of dispersant (Darvan 821-A, R.T. Vanderbilt Company, Norwalk, 
CT) was added. Next, about 720 grams of 0.6 micron silicon carbide 
powder (100 GL, Superior Graphite Company, Chicago, IL), about 180 

35 grams of 500 mesh (17 micron) oxidized silicon carbide powder (39 
CRYST0L0N®, Norton Company, Worcester, MA), and about 2700 grams of 
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1000 mesh (6 micron) oxidized silicon carbide powder (CARBOLON® F1000, 
Exolon-ESK, Tonawanda, NY) were added to the plastic jar. 

The slip was ball milled for about 48 hours after which the 
grinding media were removed and the slip was roll mixed for about an 

5 additional 24 hours. The slip was de-a1red to about 30 inches (762 mm) 
of mercury vacuum 1n a vacuum chamber (Super Vacmac Model No. 160-015, 
Swest Corporation, Dallas, TX) for about 5 minutes. The container of 
slip was removed from the vacuum chamber and a viscosity measurement 
was taken using a Model RVT Brookfield viscometer (Brookfield 

10 Engineering Laboratories, Inc., Stoughton, MA) using a number 4 

spindle. The viscosity of the slip was between about 50 and about 100 
- cent 1 poise. 

A two piece plaster of Paris mold having a cylindrical cavity 
measuring about 5 inches (127 mm) in height and about 1 3/4 Inches (44 

15 mm) 1n diameter was premoistened with water on Its casting surfaces. 
The preform was fabricated by. casting the slip Into the plaster of 
Paris mold cavity, pouring slowly down the side of the mold to avoid 
trapping air 1n the slip. Substantially all of the cavity volume was 
filled with slip. After a thickness of about 0.44 inches (11 mm) of 

20 silicon carbide particulate cake had built up on the wall of the 

plaster of Paris mold, the residual slip was poured out of the mold to 
expose the drain cast preform, which was permitted to partially dry 
Inside of the mold for about 45 minutes. During this partial drying 
stage, the preform shrunk away from the walls of the mold by an amount 

25 sufficient to allow the mold halves to be separated without breaking* 

the preform. The preform was then removed from the mold and allowed to 
dry on a drying rack for at least 16 hours in air at ambient 
temperature followed by a drying; period of at least 6 hours in a forced 
air drying oven at a temperature of about 40*C. 

30 The cast and dried preform was sanded with sandpaper to provide 

clean, smooth surfaces free of casting mold lines. The sanded preform 
was then placed on top of slotted fire bricks and loaded into a 
resistance heated air atmosphere furnace at room temperature. The 
furnace was heated from room temperature to about 1025'C over an 

35 approximately 8 hour period and held at about 1025'C for about 24 

hours, after which time the power was turned off and the furnace was 
allowed to naturally cool to room temperature. After retrieval from 
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the furnace, the bottom of the fired drain cast preform was removed 
with a saw to provide a tubular preform 100 which was open on both ends 
and measured about 3 1/2 inches (89 mm) in length. 

Referring to Figure 5, a graphite foil sheet 102 (GRAFOIL®, Union 
5 Carbide Company, Carbon Products Div., Cleveland, OH) measuring about 3 
inches (76 mm) in diameter and about 15 mils (0.38 mm) thick was placed 
into the bottom of a graphite crucible 104 measuring about 3 inches (76 
mm) in diameter and 5 inches (127 mm) in height and having a wall 
thickness of about 1/8 Inch (3 mm). The tubular preform 100 was 
10 placed into the graphite crucible 104 and centered on the graphite foil 
sheet 102 at the bottom of the crucible 104. The tubular preform 100 
was oriented vertically with one open end exposed. A particulate 
mixture bedding 106 comprising by weight about 15 percent borosilicate 
glass frit (P54, Mobay Chemical Corporation, Inorganic Chemicals Div., 
15 Baltimore, HD) and the balance equal proportions, respectively, 

(average particle sizes of about 216, 66 and 17 pm, respectively, of 
90, 220, and 500 grit alumina (El ALUNDUM®, Norton Company, Worcester, 
HA) was poured into the graphite crucible 104 and the interior of the 
tubular preform 100 up to a level substantially flush with the top of 
20 the preform. Particulate magnesium metal 108 (-50 mesh particle size 
(< 300 pm), Hart Corporation, Tamaqua, PA) was sprinkled evenly over 
the exposed end of the preform tube at a concentration of about 0.01 
gram of magnesium per square centimeter. An ingot of matrix metal 110 
measuring about 3.25 inches (83 mm) in diameter and about 1 inch (25 
15 . mm) in height weighing about 362 grams and comprising by weight about 
15% silicon, 5% magnesium, and the balance aluminum was placed directly 
over the magnesium particulate, coating 108 on the preform tube 100* 

The graphite crucible 104 and its contents were placed into an 
electric resistance controlled atmosphere furnace. The furnace chamber 
30 was evacuated and then backfilled with commercially pure nitrogen gas 
back to approximately atmospheric pressure. A nitrogen gas flow rate 
through the furnace of about 3.5 liters per minute was established. 
The furnace temperature was increased from substantially room 
temperature to a temperature of about 825*C at a rate of about 150°C 
35 per hour. After maintaining a temperature of about 825°C for about 20 
hours, the temperature was decreased to about 675 'C at a rate of about 
200*C per hour. At a temperature of *bout 675°C, the graphite crucible 
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104 and Its contents were removed from the furnace and di recti onally 
solidified by placing the graphite crucible 104 onto a water cooled 
aluminum quench plate. A particulate hot topping material (FEEDOL® 9, 
Foseco, Inc., Cleveland, OH) was placed onto the molten matrix metal 
5 110 to enhance the temperature gradient during directional 

solidification. An approximately 2 inch (51 mm) thick layer of ceramic 
fiber insulation (CERABLANKET®, Manville Refractory Products, Denver, 
CO) was placed over the top of the graphite crucible 104. After 
cooling to substantially room temperature, the contents of the graphite 
10 crucible 104 were removed to reveal that the matrix metal 110 had 

infiltrated into at least a portion of the drain cast preform 100 to 
produce a metal matrix composite. 

Example 6 

15 This Example Illustrates a technique for making a hollow metal 

matrix composite body. Specifically, this Example will demonstrate 
that a metal matrix composite body in the form of a hollow shell can be 
fabricated by slurry casting a filler material admixture to make a 
preform and then filling the interior of the resulting slurry cast body 

20 with an uninfUtratable particulate mass. Figures 6a and 6b show in 
schematic form the setup used to carry out the infiltration. 

A sphere measuring about 3 inches (76 mm) in diameter and having 
12 regularly spaced truncations each measuring about 11/16 inch (17 mm) 
in diameter was spray coated with Grade HS-122 fluorocarbon release 

25 agent dry lubricant (Miller Stevenson Company, Inc., Danbury, CT). 

Grade GI-1000 rubber molding compound (Plastic Tooling Supply Company, 
Exton, PA) was cast around the spray coated sphere to form a rubber 
mold inversely replicating the shape of the sphere. After curing the 
rubber molding compound 1n air for about 12 hours, the spray coated 

30 sphere was separated from the mold. An exact wax model of the original 
sphere was then made by casting Grade 5550-K. GRN. FLK. molten wax 
(Yates Manufacturing Company, Chicago, IL) at a temperature of about 
110*C into the rubber mold cavity left after removing the sphere. The 
wax was then allowed to cool to substantially room temperature. After 

35 the wax had cooled to substantially room temperature, the wax model was 
separated from the rubber mold. A similar process was used to 
fabricate a wax model for the matrix metal reservoir portion of the 
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subsequent Investment casting. The reservoir measured about 4 inches 
(102 mm) in diameter and about 3 inches (76 mm) tall. Before 
solidification of the molten wax reservoir model, however, a steel 
mandrel was inserted into the wax; the subsequent solidification of the 

5 wax locked the mandrel in place. 

The two wax models, that for the sphere itself and that for the 
matrix metal reservoir, were joined at one of the flat, circular 
truncations on the sphere to produce an investment pattern. The means 
of joining the two wax models comprised welding with additional molten 

10 wax. 

An investment shell 102 comprising CaC0 3 was then built up on the 
surface of the wax investment pattern. Specifically, the wax 
investment pattern was dipped into a slip or slurry comprising by 
weight about 30.0 percent NYACOL® 1430AT colloidal silica (Nyacol 

15 Products, Inc., an affiliate of PQ Corporation, Ashland, MA), about 

66.1 percent HUBERCARB® Q 325 calcium carbonate (-325 mesh, J. M Huber 
Corporation, Calcium Carbonate Div., Quincy, IL), about 3.0 percent 500 
grit TETRABOR® boron carbide (Exolon-ESK Corporation, Tonawanda, NY), 
about 0.6 percent VICTOWET® 12 wetting agent (Ransom and Randolph, 

20 Inc., Maumee, OH) and about 0.3 percent DCH ANT I FOAM® defoamer (Ransom 
and Randolph, Inc.). The slip coated wax model was then dusted or 
stuccoed with dry 90 grit RANCO® SIL A silica sand (Ransom and 
Randolph, Inc.). The wax model and its developing investment shell 102 
were then dried for about 1/2 hour at a temperature of about 65* C. The 

25 dried investment shell 102 was then dipped for about 2 seconds into a 
bath of NYACOL® 1430 AT colloidal silica. This dip-dust-dry-wet 
sequence was then immediately repeated. Next, the coated wax 
investment pattern was immediately dipped into a secondary investment 
slurry comprising by weight about 1 part REDIP® indicator (Ransom and 

30 Randolph, Inc.), about 2 parts VICT0WET® 12 wetting agent, about 56 

parts distilled water, about 274 parts NYACOL® 830 colloidal silica and 
about 700 parts RANCO® SIL No. 2 silica powder (Ransom and Randolph, 
Inc.) to yield a slurry viscosity corresponding to about 15 seconds in 
a Zahn number 4 cup. The slurry coated investment shell was then 

35 stuccoed or dipped in a fluidized bed of approximately 30 grit RANCO® 
SIL B silica sand (Ransom and Randolph, Inc.). The stuccoed investment 
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shell was again dried at a temperature of about 65*C for about 1/2 hour 
or until the REDIP® Indicator In the shell changed 1n color from 
yellow-green to deep orange. This second d1p-stucco-dry sequence was 
then repeated an additional four to five times. No prewettlng of the 

5 investment shell with colloidal silica between dippings in the 
secondary investment shell slurry was required. The coated wax 
investment pattern was then placed into a steam autoclave to remove the 
wax pattern from the surrounding investment shell. After autoclaving 
at a temperature corresponding to a water vapor pressure of about 100 

10 ps1 (690 kPa) for about five minutes, substantially all of the wax had 
been removed from the surrounding investment shell 102. The investment 
shell 102 was then removed from the steam autoclave and placed into a 
resistance heated air atmosphere furnace at substantially room 
temperature. The furnace temperature was then increased to about 850'C 

15 at a rate of about 800*C per hour. After maintaining a temperature of 
about 850*C for about 4 1/2 hours to rigldize the investment shell 102, 
the shell was furnace cooled to a temperature of about 600'C. The 
investment shell mold 102 was left in the approximately 600°C furnace 
until it was ready to be used for the spontaneous Infiltration process. 

20 The resultant mold comprised a spherical end portion which connected 
via a tubular neck region to an opened end cylinder. 

About 1,126 grams of a slurry comprising by weight about 53.3 
percent 500 grit green silicon carbide (39 CRYSTOLQN®, Norton Company, 
Worcester, MA), about 13.3 percent 1000 grit 39 CRYSTOLON® green 

25 silicon carbide, about 31.1 percent acetone, about 2.0 percent 
magnesium particulate (-325 mesh, Reade Manufacturing Company, 
Lakehurst, NJ) and about 0.3 percent Q-PAC® polypropylene, carbonate 
binder (Air Products and Chemicals, Inc., Emmaus, PA) was prepared. 
Specifically, the green silicon carbtde and magnesium particulates were 

30 placed into a dry 8.3 liter porcelain ball mill (U.S. Stoneware Corp., 
Mahwah, NJ) containing about 4000 grams of 15/16 inch (24 mm) diameter 
milling media (Standard Ceramic Supply Co., a Division of Chem-Clay 
Corp., Pittsburgh, PA). After ball milling the particulates for about 
an hour, all but about 772 grams of ball milled particulates were 

35 removed from the mill. The removed ball milled particulates were 

sealed tightly in a NALGENE® plastic jar (Nalge Company, Rochester, NY) 
and stored for subsequent use. The acetone and the Q-PAC 1 " binder were 
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added to the porcelain ball mill to form the slurry. The slurry was 
ball milled for about 1 hour. 

The slurry was poured into the spherical portion of the mold 
discussed above. The spherical portion of the mold was filled with the 

5 slurry. A rubber stopper was inserted into the neck region 104 between 
the spherical portion of the mold and the attached cylindical portion 
of the mold. Having isolated the two portions of the mold in this 
matter, the mold was rotated to allow the slurry to evenly coat the 
surfaces of the spherical portion of the mold. Periodic removal of the 

10 rubber stopper and inspection of the slurry casting process revealed 
that after approximately 5 minutes a 3/8 inch (10 mm) to 1/2 inch (13 
mm) thick coating had been built up on the inner wall of the spherical 
portion of the mold . The remaining slurry was poured from the mold. 
The resultant coating comprised a preform 106 whose inner surface was 

15 approximately spherical and whose outer surface closely matched that of 
the truncated sphere portion of the original wax investment pattern in 
size and shape. 

Loose 500 grit (17 fim) alumina powder 108 (38 ALUNDUM®, Norton 
Company) was then poured into the interior of the preform within the 

20 mold to a level substantially flush with the bottom of the neck region 
104. The 38 ALUNDUM* alumina will not be substantially infiltrated 
with the matrix metal because this material does not contain magnesium 
powder. Additional slurry 110 was then poured into the neck region 104 
and allowed to cast against the 38 ALUNDUM® alumina until a cast 

25 thickness of about 3/8 inch (10 ran), to about 1/2 inch (13 mm) was 
achieved, thereby eliminating the discontinuity in the shell 106. 

A dry filler admixture 112 having the same composition as the 
admixture which was utilized to make the slurry was then poured into 
the bottom of the cylinder portion of the mold until a depth of about 

30 1/4 inch (6 mm) was reached. Magnesium particulate 114 (-50 mesh, < 

300 jim, Reade Manufacturing Company) was then sprinkled evenly over the 
top of this dry loose filler material admixture until a concentration 
of about 6 milligrams per square centimeter was obtained. 

Several ingots of a matrix metal 116 comprising by weight about 

35 12 percent silicon and the balance commercially pure aluminum, weighing 
a total of about 1200 grams, were placed on top of copper foil slings 
118 folded over the side of the reservoir chambers such that the ingots 
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remained suspended over the magnesium particulate layer 114 and the 
filler material admixture 112 In the bottom of the cyllndical portion 
of the mold. A PERMA FOIL cover sheet 120 (PERMA FOIL 1s a trademark 
for a flexible graphite foil product distributed by TT America, 

5 Portland, OR) sufficiently large to cover the opened end of the 
cylindlcal portion of the mold was placed over the matrix metal. 

The Investment shell mold 102 and its contents were placed onto a 
stainless steel holder 122 and secured with copper foil straps 124. 
The stainless steel holder 122 and its contents were then placed into a 

10 stainless steel can 126 measuring about 10 Inches (254 mm) long by 
about 10 inches (254 mm) wide by about 10 inches (254 mm) tall. The 
bottom of the can was covered with a graphite foil sheet 128 having 
substantially the same dimensions as the length and width of the can. 
About 10 grams each of Grade RMC-3 magnesium turnings 130 (Reade 

15 Manufacturing Company) and TI-LOY 97 titanium sponge 134 (Chemalloy 
Company, Bryn Mawr, PA) were placed Into the can outside of the 
stainless steel holder. The titanium sponge and magnesium turnings 
function as a gather to absorb oxygen moisture. Two copper foil sheets 
132 each measuring about 16 Inches (406 mm) long by about 14 inches 

20 (356 mm) wide by about 6 mils (0.15 mm) thick were placed over the 
opening of the stainless steel can 126. The portions of the copper 
sheets 132 extending over the sides of the can 126 were folded down 
against the sides of the can 126 to form an isolated chamber. A 
nitrogen gas purge tube 136 was provided through one side of the can 

25 126. 

The stainless steel can 126 and its contents were placed into an 
electrtc resistance atmosphere furnace. A commercially pure nitrogen 
gas flow rate of about 15 liters per minute through the purge tube 136 
into the stainless steel can 126 was established. The furnace was 

30 heated from substantially room temperature to a temperature of about 
200'C at a rate of about 400°C per hour. After maintaining a 
temperature of about 200 °C for about 1 hour, the temperature was 
Increased to about 520° C at a rate of about 400 *C per hour. After 
maintaining a temperature of about 520°C for about 1 hour, the 

35 temperature was increased to about 780'C at a rate of about 400*C per 
hour. After maintaining a temperature of about 780'C for about 3 
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hours, the nitrogen gas purge tube 136 was disconnected. The stainless 
steel can 126 and Its contents were removed from the furnace. 

The copper foil sheets 132 and the stainless steel holder 122 and 
Its contents were removed from the stainless steel can 126. The 

5 stainless steel holder 122 and Its contents were placed onto a water 
cooled copper quench plate to permit directional solidification. To 
assist 1n the directional solidification of the matrix metal, air was 
blown around the bottom of the stainless steel holder 122 adjacent to 
the water cooled copper quench plate. FEEDOL® 9 hot topping 

10 particulate mixture (Foseco, Inc., Cleveland OH) was poured on top of 
the molten matrix metal 116. After the stainless steel holder 122 and 
Its contents had cooled to substantially room temperature, the 
investment shell mold 102 and its contents were removed from the holder 
122. The investment shell mold 102 was removed with low force hammer 

15 blows to reveal that at least some of the matrix metal 116 had 
infiltrated the slurry cast filler admixture 106 adjacent to the 
Investment shell 102 to form a metal matrix composite body having 
substantially the same shape as the original near-spherical wax 
Investment pattern. Residual matrix metal 116 was removed from the 

20 metal matrix composite body with a diamond saw. An approximately 3/8 
inch (10 mm) diameter hole was then drilled 1n what was originally the 
neck region 104, 110 and the uninfiltrated alumina powder 108 inside of 
the metal matrix composite shell was blown out with compressed air. 
Finally, the metal matrix composite body was sliced tn half using a 

2S diamond- saw to reveal a rough surface on the inside of the metal matrix 
composite shell . Matrix metal infiltration into the 500 grit (17 put) 
38 ALUNDUM* alumina powder which did. not contain magnesium powder that, 
was inside of the hollow slurry cast preform was limited to less than 
1/32 of an inch (0.8 mm). 

30 

Example 7 

This Example illustrates that 1t 1s possible to form a metal 
matrix composite body by coating a thin sheet of a matrix metal on one 
side with a powder of ceramic filler material. This Example further 
35 illustrates that metal matrix composites formed according to the 

present Invention are not limited to a flat sheet but may possess a 
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complex shape. Figure 7 Illustrates schematically the setup used to 
carry out the infiltration. 

The coating 32, 34 applied to a thin sheet of matrix metal 30 was 
prepared from about 450 grams of dried tabular alumina powder (-325 
5 mesh (< 45 /an), T-64, Alcoa, Industrial Chemical D1v., Bauxite, AR). 
The dried tabular alumina was placed Into a dry porcelain ball mill 
having about 8.3 liters of Internal volume. About 900 grams of dense 
alumina milling media measuring about 15/16 inch (24 millimeters) in 
diameter was added to the mill and the alumina was ball milled for 

10 about six hours. About 61 percent by weight of the milled tabular 
alumina, about 5 percent of magnesium powder (-325 mesh (< 45 /an), 
Reade Manufacturing Co., Lakehurst, NJ), about 23 percent ethanol and 
about 1 percent XUS 40303.00 Experimental Binder (Dow Chemical Company, 
Midland, MI) were mixed together to form a slurry. 

15 The matrix metal sheet 30 to be coated comprised by weight about 

0.4-0.6% silicon, <0.15% copper, <0.7% Iron, 0.8-1.0% magnesium, <0.15 
manganese, <0.15% zinc, 0.15-0.35% chromium, and the balance aluminum 
and measured about 7 inches (178 mm) square by about 63 mils (1.6 mm) 
thick. The matrix metal sheet 30 was folded three times to produce a 

20 "M* or zigzag shape. One side of the folded matrix metal sheet 30 was 
cleaned by grit blasting. The grit blasted surface was coated with a 
slurry comprising by weight about 67 percent magnesium powder 32 (-325 
mesh (< 45 im)> Reade Manufacturing Company) and ethanol. The coating 
was permitted to dry 1n air at ambient temperature for about an hour. 

25 The dry and coated matrix metal sheet 30, 32 was weighed which revealed 
that about 1 gram of magnesium powder 32 had been applied to a surface 
of the sheet 30. 

The slurry 34 discussed above comprising the ball milled tabular 
alumina was spray coated on top of the magnesium powder coating 32. 

30 The coated and folded matrix metal sheet 30, 32, 34 was again dried in 
air at ambient temperature for about 3 to 5 hours. The dry weight of 
the second coating 34 was about 180 grams. A sheet of graphite foil 36 
(GRAF0IL®, Union Carbide Co., Carbon Products Div., Cleveland, OH) 
measuring about 7 inches (178 mm) square and about 10 mils (0.25 mm) 

35 thick was folded so as to conform to the shape of the coated matrix 

metal sheet. The folded graphite foil 36 was placed into contact with 
the uncoated side of the matrix metal sheet 30. 



WO 91/17280 



PCT/US91/03234 



- 70 - 

A support bedding 38 comprising green silicon carbide particulate 
(39 CRYST0L0N®, 90 grit (216 pm), Norton Company, Worcester, MA) was 
poured Into a graphite boat 40 measuring about 14 Inches (356 mm) long 
by about 11 inches (279 mm) wide by about 8 inches (203 mm) tall to a 

5 depth of about 3 inches (76 mm). The coated matrix metal sheet 30, 32, 
34 and graphite foil 36 assembly were placed upon the green silicon 
carbide support bedding 38 within the graphite boat 40 such that the 
graphite foil 36 contacted silicon carbide 38. The coating 34 on top 
of the matrix metal sheet 30 was left exposed to the atmosphere. 

10 The graphite boat 40 and its contents were placed Into an 

electric resistance controlled atmosphere furnace. The furnace 
atmosphere was evacuated to about 30 inches (762 mm) of mercury vacuum 
and backfilled with commercially pure nitrogen gas. A nitrogen flow 
rate of about 3 liters per minute was established through the furnace. 

15 The furnace temperature was raised from room temperature to about 200*C 
at a rate of about 200* per hour and held at about 200 *C for about 46 
hours. The temperature was raised to about 460*C at a rate of about 
200* per hour and held at about 460 # C for about 5 hours. The 
temperature was then raised to about 490*C at a rate of about 10 # C per 

20 hour and held at about 490 *C for about 1 hour. The temperature was 
raised to about 550*C at a rate of about 150*C per hour and held at 
about 550*C for about 1 hour* The temperature was raised to about 
775*C at a rate of about 150'C per hour and held at about 775 # C for 
about 5 hours. The temperature, was lowered to: about 760*C at a rate of 

25 about -150*C per hour. When a reduced temperature of about 760 *C had 
been reached, the graphite boat 40 was removed from the furnace and 
placed on a water-cooled aluminum quench plate. After cooling to 
substantially room temperature, the contents were removed from the 
graphite boat 40 and inspected. It was discovered that the matrix 

30 metal sheet 30 had infiltrated the coating of alumina 34 on Its 

surface. It was also observed that some of the matrix metal 30 had 
contacted the graphite foil 36 and had infiltrated a portion of the 
silicon carbide support bedding 38 underneath. 



35 



Example 8 

This Example demonstrates that thin metal matrix composite bodies 
containing channels which inversely replicate the configuration of the 
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original matrix metal body can be fabricated according to the present 
invention. Figure 8c Illustrates schematically the setup for carrying 
out the inverse shape replication fabrication process. 

The sheet of matrix metal 120 measured about 7 Inches (178 mm) 
5 long by about 3 1/2 Inches (89 mm) wide by about 1/8 inch (3 mm) thick. 
The sheet of matrix metal weighed about 127 grams and had 12 regularly 
spaced 3/8 Inch (10 mm) diameter through holes 122 as shown in Figures 
8a and 8b. The sheet of matrix metal comprised by weight about 0.4-0.8 
percent silicon, <0.7 percent Iron, about 0.15-0.40 percent copper, 

10 <0.15 percent manganese, about 0.8-1.2 percent magnesium, about 0.04- 
0.35 percent chromium, <0.25 percent zinc, <0.15 percent titanium, and 
the balance aluminum. The metal matrix sheet 120 was prepared by 
sandblasting to remove any surface oxide and then cleaned with ethyl 
alcohol to remove any debris from the sandblasting operation. 

15 A slurry of filler material for coating the sheet of matrix metal 

comprised by weight about 3000 grams of Grade T-64 tabular alumina 
(-325 mesh (< 45 im)) (Alcoa Industrial Chemicals Division, Bauxite, 
AR) , about 240 grams of magnesium particulate (-325 mesh (< 45 pm), 
Reade Manufacturing Company, Lakehurst, NJ), about 162 grams of Grade 

20 XUS 40303.00 Experimental Binder (Dow Chemical Corporation, Midland, 
MI) and about 1038 grams of ethyl alcohol. The slurry was prepared by 
dissolving the binder into the ethyl alcohol and stirring in the 
particulates of tabular alumina. 

The matrix metal sheet 120, discussed above, was dipped into the 

25 slurry to form an adherent coating of a filler material 124 on the 

sheet of matrix metal 120. The coated matrix metal sheet 120, 124 was 
then placed Into a forced air drying oven and dried for about 15-30 
minutes at a temperature of about 78* C. The dip coating and drying 
operation was repeated to produce a totaT of 3 layers of filler 

30 material 124 on the matrix metal sheet 120. The 12 regularly spaced 
3/8 Inch (10 mm) through holes of the sheet of matrix metal were 
substantially filled with filler material 124. The total weight of 
dried filler material was about 131 grams. 

The coated sheet of matrix metal 120, 124 was then encased within 

35 a single sheet of GRAF0IL® graphite foil 126 (Union Carbide Co., Carbon 
Products Div., Cleveland, OH) which measured about 15 mils (0.38 mm) 
thick. The sheet of coated matrix metal 120, 124 was encased by 
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wrapping and folding the GRAFOIL® around the coated sheet. The coated 
and wrapped sheet of matrix metal 120, 124, 126 was cemented between 
two plates of graphite 128 each measuring about 8 inches (203 mm) long 
by about 4 inches (102 mm) wide by about 1/2 inch (13 mm) thick, by 
5 applying RIGIDLOCK® graphite cement 129 (Polycarbon Corporation, 

Valencia, CA) to the surfaces to be bonded together in order to form an 
assembly. 

The assembly comprising the coated 124 and wrapped 126 sheet of 
matrix metal 120 which was sandwiched between the graphite plates 128 

10 was oriented vertically about the longitudinal axis of the assembly 

within a graphite box 130 having external dimensions of about 14 inches 
(356 mm) long, by about 10 1/4 Inches (260 inn) wide, by about 1 1/2 
inches (38 mm) tall and having a wall thickness of about 1/4 inch (6 
mm). A graphite fixture 132 open at both ends measuring about 8 inches 

15 (203 mm) long by about 4 inches (102 mm) wide by about 6 inches (152 
mm) tall and having a wall thickness of about 1/4 inch (6 mm) was 
placed into the graphite box 130 and around the assembly 120, 124, 126, 
128- A bedding material 133 admixture comprising by weight about 15 
percent Grade F-69 glass frit (Fusion Ceramics, Inc., Carrollton, OH) 

20 and the balance equal weight proportions of 90 grit (216 fim), 220 grit 
(66 m) and 500 grit (17 pm) El ALUNDUM® alumina (Norton Company, 
Worcester, MA) was poured into the region between the graphite fixture 
132 and the assembly 120, 124, 126, 128 until the bedding material 133 
attained a depth of about 4 inches (102 mm). 

25 The graphite box 130 and its contents were placed into a retort 

within a furnace at substantially room temperature. The retort was 
sealed* evacuated to about 30 inches (762 mm) of mercury vacuum* and 
then backfilled with commercially pure nitrogen gas to substantially 
atmospheric pressure. A nitrogen gas flow rate of about 5 liters per 

30 minute was established through the furnace. The temperature in the 

retort was increased from room temperature to about 460 *C at a rate of 
about 200°C per hour. After maintaining a temperature of about 460°C 
for about 5 hours, the temperature was increased to about 490 °C at a 
rate of about 10 *C per hour. After maintaining a temperature of about 

35 490 °C for about 1 hour, the temperature was increased to about 800*C at 
a rate of about 200 *C per hour. After maintaining a temperature of 
about 800°C for about 6 hours, the temperature was decreased to about 
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675*C at a rate of about 200*C per hour. At a temperature of about 
675*C, the graphite box 130 and Its contents were removed from the 
retort and placed onto a water cooled aluminum quench plate. 

After cooling to substantially room temperature, the assembly 

5 120, 124, 126, 128 was removed from the bedding material 133 and 

disassembled to reveal that virtually all of the matrix metal 120 had 
Infiltrated the filler material admixture coating 124 to produce a 
double-walled metal matrix composite body. The region defined between 
the metal matrix composite walls comprised empty space except for those 

10 areas which correspond to the location of the approximately 3/8 inch 
(10 mm) diameter through holes 122 in the original sheet of matrix 
metal 120 which had been filled with filler material 124. The filler 
material 124 within the holes 122 was subsequently spontaneously 
infiltrated with matrix metal 120 during the pressureless metal 

15 infiltration process to produce bridges or bonding joints roughly 3/8 
inch (10 mm) in diameter that joined the two walls of the formed metal 
matrix composite. Thus, this Example illustrates that a thin double- 
walled metal matrix composite body having inversely replicated metal 
matrix composite structures between the walls can be produced. 

20 

Example 9 

This Example demonstrates that thin metal matrix composite bodies 
possessing complex geometries can be fabricated by pressurelessly 
infiltrating filler materials contained within investment shell molds 

25 according to the techniques of the present invention wherein the 

investment pattern precursor to the investment shell mold comprises 
thin sheets of basswood. A cross-sectional view of such an investment 
shell and its contents is shown schematically in Figure 9. 

A hollow body of triangular cross -section having one open end and 

30 containing additional structural members was assembled by gluing 
together about 1/16 Inch (1.6 mm) thick sheets of basswood. The 
lengths of the triangular sides were about 4, 4, and 3 inches (102, 102 
and 76 mm), respectively. The depth of the body was about 3 inches (76 
mm). The interior of the triangular body was braced with three 

35 additional sheets of basswood each about 3 inches (76 mm) long and 
oriented such that two were parallel to the base of the triangle and 
the third was substantially perpendicular to the base and adjacent to 
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the base. The basswood sheets were joined to one another with ELMER'S® 
wood glue (Professional Carpenters Wood Glue, Borden Company, Columbus, 
OH). Upon curing the glue 1n air at substantially room temperature for 
about 2 to 3 hours, the basswood fugitive investment pattern was then 

5 sealed with a protective coating of RED DEVIL® HI-GLOSS 70 polyurethane 
(Red Devil Paints and Chemicals, Division of Insilco Company, Mount 
Vernon, NY). After drying the brushed on polyurethane coating for 
about 1/2 hour, two additional coatings were applied, each with an 
approximately 1/2 hour drying period after the coating application. 

10 The finished basswood pattern was then joined to a Grade 5550-K. GRN. 
FLK. wax pattern in the shape of the desired matrix metal reservoir 
measuring about 3 inches (76 mm) in height, about 3 inches (76 mm) in 
diameter at the top and about 2 inches (51 mm) in diameter at its base 
where 1t contacted the basswood investment pattern. The basswood 

15 investment pattern was joined to the wax reservoir pattern with molten 
wax. 

The basswood and wax pattern assembly was then layered with 
investment shell coatings in substantially the same manner as those 
described in Example 6. In this Example, however, three primary 

20 investment shell coatings were applied Instead of two. Furthermore, 
after the third secondary investment shell coating was applied, the 
developing investment shell was wrapped with a length of wire for added 
strength. Two additional layers of the secondary investment shell 
coating composition were then applied on top of the wire wrapped 

25 investment shell. 

Several holes were drilled in the investment shell 300 in 
strategic places to assist in venting gases, from the basswood during 
the subsequent flash firing. The coated basswood and wax reservoir 
investment pattern was then flash fired by placing said pattern into a 

30 gas heated air atmosphere furnace at a temperature of about 890*C and 
holding at that temperature for about 15 minutes to burn out the 
basswood and the wax. The remaining investment shell 300 was then 
removed from the 890°C gas furnace and Immediately placed into a 
resistance heated air atmosphere furnace at a temperature of about 

35 850°C. After firing the investment shell 300 for about 6 hours at a 
temperature of about 850* C to remove the chemically bound water and to 
rigidize the shell, the investment shell 300 was removed from the 
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furnace at a temperature of about 850*C and placed onto a room 
temperature refractory plate and allowed to cool. 

A blend of 39 CRYSTOLON® green silicon carbide particulates 
(Norton Co., Worcester, HA) comprising about 772 grams of 220 grit 

5 (average particle diameter of about 66 pm) and about 193 grams of 500 
grit (average particle diameter of about 17 Jim) particles were placed 
into a dry 1.1 liter porcelain ball mill (U.S. Stoneware Corporation, 
Mahwah, NJ) having an Internal volume of about 1.1 liter containing 
about 2000 grams of dry about 1/2 inch (13 mm) diameter BURUNDUM® 

10 stones (U.S. Stoneware Corp.). The ball mill, the ball mill I1d 
(removed from mill) and Its contents were vacuum dried for about 4 
hours at a temperature of about 150*C under about 30 inches (762 mm) of 
mercury vacuum. The ball mill and its contents were removed from the 
vacuum drier and magnesium particulate (-325 mesh, Reade Manufacturing 

15 Company, Lakehurst, NJ) having a particle diameter less than about 45 
im was added to the silicon carbide particulate in the ball mill to 
produce a filler material admixture 302. The lid to the ball mill was 
then secured and the filler material admixture 302 was milled for about 
2 hours. The ball mill lid was then removed from the alumina ball mill 

20 and the ball mill and its contents were vacuum dried a second time for 
at least about 4 hours at a temperature of about 150'C under about 30 
Inches (762 mm) of mercury vacuum. 

The vent holes In the investment shell 300 were filled with 
FIBERFRAX® ceramic fiber 304 (Carborundum Co., Niagara Fall's, NY). 

25 About 138 grams of the milled and dried filler material admixture was 
then poured Into the investment sheTl 300 while the shell was shaken 
back and forth to allow the admixture 302 to fill 1n as much space as 
possible in the narrow walls. When an of the admixture 302 had been 
poured into the investment shell 300, the shell was then tapped about 5 

30 times on a hard surface to complete the packing of the admixture 302. 
Additional magnesium particulate material 306 (-50 mesh, Reade 
Manufacturing Company) having a particle size less than about 300 
microns was sprinkled evenly over the surface of the filler material 
admixture 302 until a concentration of about 6 milligrams per square 

35 centimeter of filler material surface was achieved. An ingot of matrix 
metal 308 weighing about 901 grams and comprising by weight about 11.0- 
13.0 percent Si, < 2.0 percent Fe, 4. 1.0 percent Cu, < 0.35 percent 
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Mn, < 0.10 percent Mg, < 0.50 percent N1, < 0.50 percent Zn, < 0.15 
percent Sn and the balance aluminum, was then placed onto a sling 310 
comprising several copper foil strips suspended over the magnesium 
particulate 305 dusted surface of the filler material admixture 302. 
5 The ends of the copper strips 310 were wrapped over the walls of the 
investment shell 302. The copper foil sling 310 served to prevent the 
matrix metal 308 from contacting the filler material admixture 302 
until the matrix metal 308 was In a molten state. A PERMA FOIL 
graphite foil sheet 312 (TT America, Portland, OR) measuring about 4 

10 inches (102 mm) square was placed over the opening at the top of the 
investment shell 300. 

The investment shell 300 and Its contents were then placed Into a 
stainless steel can 314 measuring about 10 inches (254 mm) wide by 
about 10 Inches (254 mm) long by about 10 Inches (254 mm) tall. About 

15 7 grams of Grade RMC-3 magnesium turnings 316 (Reade Mfg. Co., 

Lakehurst, NJ) and about 12 grams of TI-L0Y 97 titanium sponge 318 
(Chemalloy Co., Bryn Mawr, PA) were placed into the stainless steel can 
314 outside of the Investment shell 300. The magnesium turnings 316 
and the titanium sponge 318 were utilized as oxygen -getters. Two 

20 sheets of copper foil 320 each measuring about 14 inches (356 mm) by 
about 16 Inches (406 mm) by about 6 mils (0.15 mm) thick were placed 
over the opening of the stainless steel can 314. Those portions of the 
sheets extending over the sides of the can 314 were folded down tightly 
against the sides- of the can 314 to form an isolated chamber. 

25 The stainless steel can 314 and its contents were placed into a 

resistance heated air atmosphere furnace. A gas flow rate of 
commercially pure nitrogen of about 15 liters- per minute was provided 
to the interior of the can 314 through a feed tube 322 which extended 
through one side of the can 314. The furnace was then heated from 

30 substantially room temperature to a temperature of about 790*C at a 

rate of about 400'C per hour. After maintaining a temperature of about 
790* C for about 3 1/2 hours, the nitrogen gas feed tube 322 was 
disconnected from the stainless steel can and the can and Its contents 
were removed from the furnace and placed onto a water cooled copper 

35 chill plate. The copper 320 and graphite foil 312 sheets were removed 
from the stainless steel can 314 and the Investment shell 300, 
respectively, and FEED0L® No. 9 hot topping particulate mixture was 
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poured onto the top of the residual molten matrix metal 308 contained 
within the Investment shell 300 to cause an exothermic reaction which 
provided heat to the surface of the residual molten matrix metal 308 
and thereby assisted in the directional solidification of the molten 

5 matrix metal 308 contained within the Investment shell 300. 

After the stainless steel can 314 and Its contents had cooled to 
about 200'C, the investment shell 300 and its contents were removed 
from the stainless steel can 314. The investment shell 300 was removed 
to reveal that the matrix metal 308 had infiltrated the filler material 

10 admixture 302 to form a metal matrix composite. Further inspection 
revealed that the formed metal matrix composite body was of 
substantially the same size and shape as the mold cavity defined by the 
investment shell, which 1n turn was defined by the shape of the 
basswood and wax patterns, respectively. A photograph of the formed 

15 metal matrix composite body after removing Its attached matrix metal 
reservoir by diamond machining is shown in Figure 10. The present 
Example thus demonstrates that thin metal matrix composite bodies can 
be fabricated using Investment pattern/mold technology wherein the 
investment pattern comprises sheets of basswood. 

20 

Example 10 

This Example illustrates that a shaped dense body can be used as 
a physical barrier during the formation of a metal matrix composite 
body to define a surface of the final metal matrix composite body. A 
25 cross-section of the setup used to make the body is shown schematically 
fir Figure 11. 

Specifically, Grade A- 17 alumina powder (Alcoa Industrial 
Chemicals Div., Bauxite, AR) was stirred into a. quantity of water 
containing DARVAN® 821A dlspersant (R. T. Vanderbilt Company, Inc., 

30 Norwalk, CT) to produce a slurry comprising by weight about 15 percent 
water, about 0.1 percent dispersant, and the balance alumina. About 
500 milliliters of the slurry was poured into a one liter plastic jar 
and roll mixed for about 16 hours to form a slip. The slip was then 
cast into a two piece plaster of Paris mold having an internal cavity 

35 measuring about 9 inches (229 mm) 1n height and having a diameter of 
about 2 inches (51 mm) for about the first 6 inches (152 mm) and a 
diameter of about 3 inches (76 mm) for about the top 3 inches (76 mm). 
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When the casting on the mold wall reached a thickness of about 1/4 Inch 
(6 mm), the excess slip was drained from the two piece mold and the 
casting was allowed to dry in air for several hours at room 
temperature. The casting, an alumina barrier shell 160, was then 

5 removed from the two piece mold by separating the two mold halves. The 
drain cast barrier shell was then allowed to dry in air for an 
additional 24 hours. After drying, the drain cast barrier shell was 
placed onto a layer of 90 grit (average particle diameter of about 216 
/an) 38 ALUNDUM® alumina (Norton Co., Worcester, MA) which was supported 

10 by a cordierite refractory plate measuring about 6 inches (152 mm) by 
about 11 inches (279 mm) by about 1 inch (25 mm) thick. The refractory 
plate bearing the drain cast barrier shell was placed into a resistance 
heated air atmosphere furnace and heated to about 1050*C over a period 
of about 24 hours. The furnace temperature was maintained at about 

15 1050 # C for about 2 hours after which time the furnace was allowed to 
cool naturally. Once the furnace temperature had substantially 
returned to room temperature, the fired drain cast barrier shell 160 
was removed from the furnace. The interior of the alumina barrier 
shell 160 was then aerosol spray coated with AER0DAG® G colloidal 

20 graphite 162 (Acheson Colloids Company, Port Huron, MI) and allowed to 
dry in air at ambient temperature for about 1/2 hour. Two additional 
colloidal graphite coatings 162 were applied in a similar fashion, with 
1/2 hour drying periods between coating applications. After 
application of the final colloidal graphite coating, the coated alumina 

25 barrier shell 160, 162 was. allowed. to dry in air at ambient temperature 
for about 3 to 5 hours. 

About 0.5 grams. of magnesium particulate 164 (-50 mesh, Hart 
Corporation, Taraaqua, PA) having substantially all particle diameters 
less than about 300 pt was sprinkled evenly over the bottom of the 

30 coated drain cast alumina barrier shell 160, 162. A hollow graphite 
tube 166 measuring about 1 3/8 inches (35 mm) in outside diameter and 
about 4 inches (102 mm) in height was placed into the coated alumina 
barrier shell 160, 162 and centered on top of the magnesium particulate 
layer 164. The interior of the graphite tube 166 was filled with 500 

35 grit (average particle diameter of about 17 im) 38 ALUNDUM® alumina 168 
(Norton Co.) containing no infiltration enhancer precursor in an effort 
to prevent metal matrix composite formation inside of the graphite 
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tube. Approximately 100 grams of a particulate filler blend 170 
comprising by weight about 4 percent magnesium powder (-325 mesh, Hart 
Corporation) and the balance Grade T-64 tabular alumina (-325 mesh, 
Alcoa Industrial Chemicals Division, Bauxite, AR) having substantially 
5 all particle diameters less than 45 m was processed by substantially 
the same technique as demonstrated In Example 6 and was then placed 
Into the coated alumina barrier shell 160, 162 around the graphite tube 
166 and covering the top of the tube to a depth of about 1 inch (25 
mm). After the surface of the filler admixture 170 had been leveled, 

10 about 0.5 grams of the magnesium particulate 172 (-50 mesh (< 300 /an), 
Hart Corporation) was sprinkled evenly over the surface of the filler 
admixture 170. An approximately 225 gram Ingot of a matrix metal 174 
comprising by weight about 9.5-10.6 percent magnesium, < 2.5 percent 
silicon, < 0.30 percent Iron, < 0.25 percent copper, < 0.15 percent 

15 manganese, < 0.15 percent zinc, i 0.25 percent titanium, and the 

balance aluminum, and measuring about 2 Inches (51 mm) In diameter and 
about 1 5/8 Inches (41 mm) tall was placed into the coated alumina 
barrier shell 160, 162 and centered over the magnesium particulate 
dusted surface 172 of the filler admixture 170 to form a lay-up. The 

20 lay-up, comprising the coated alumina barrier shell and its contents, 
was then placed Into a stainless steel box 176 measuring about 4 inches 
(102 mm) square and about 7 inches (178 mm) tall. The space between 
the steel box 176 and the barrier shell 160 was then filled with 220 
grit (average particle diameter of about 66 pn) 38 ALUNDUH® alunrtna 178 

25 (Norton Co.) which acted as support material for the barrier shell 160. 

The stainless steel box 176 and its contents were placed into a 
resistance heated controlled atmosphere furnace. The furnace chamber 
was evacuated to about 20 inches (508 mm) of mercury vacuum and then 
backfilled with commercially pure nitrogen gas to substantially 

30 atmospheric pressure. A nitrogen gas flow rate of about 4 liters per 
minute was established. The furnace temperature was increased from 
substantially room temperature to a temperature of about 550'C at a 
rate of about 200*C per hour. After maintaining a temperature of about 
550*C for about 1 hour, the temperature was then increased to about 

35 775°C at a rate of about 150'C per hour. After maintaining a 

temperature of about 775 *C for about 15 hours, the temperature was 
decreased to about 760'C at a rate of about 150'C per hour. The 
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nitrogen gas flow rate of about 4 liters per minute was maintained 
throughout the heating cycle. At a temperature of about 760*C, the 
stainless steel box 176 and Its contents were removed from the furnace 
and placed on top of a water cooled aluminum chill plate. FEEDOL® No. 

5 9 hot topping particulate mixture (Foseco, Inc., Cleveland, OH) was 
poured on top of the residual molten matrix metal 174 contained within 
the lay-up to cause an exothermic reaction which supplied heat to the 
surface of the residual molten matrix metal. An about 2 inch (51 mm) 
thick layer of CERABLANKET® ceramic fiber insulation (Manville 

10 Refractory Products, Denver, CO) was placed over the top of the lay-up 
to help maintain the high temperature at the top of the lay-up and 
thereby assist in the directional solidification of the molten metal 
contained within the lay-up. After the stainless steel box 176 and its 
contents had cooled to about room temperature, the coated alumina 

15 barrier shell 160, 162 and its contents were removed from the stainless 
steel box 176. The barrier shell 160 was removed from the lay-up to 
reveal that the matrix metal had infiltrated the filler particulate 
admixture 170 to form a metal matrix composite body in the shape of a 
tube. Some matrix metal had also infiltrated into some of the alumina 

20 powder 168 contained within the graphite tube. A photograph of the 

formed metal matrix composite tube is shown in Figure 12. The outside 
diameter of the metal matrix composite tube was defined by the interior 
surface of the coated alumina barrier shell 160, 16Z and the interior 
diameter of the metal matrix composite tube was defined by the exterior 

25 surface of the graphite tube 166. Therefore, this Example demonstrates, 
that a solid body of graphite can be used as a physical barrier during 
the formation of a metal matrix composite to define, a surface of a. 
metal matrix composite body, 

30 Excfflple U 

This Example demonstrates the formation of a right circular 
cylinder of metal matrix composite material formed by coating a right 
circular cylinder of a matrix metal with a filler material admixture in 
the form of a slurry. Figure 13 illustrates schematically the setup 
35 used to carry out the infiltration. 

A slurry comprising a liquid and a filler material admixture 180 
was prepared from about 450 grams of dried Grade T-64 tabular alumina 
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powder (-325 mesh, Alcoa Industrial Chemicals Division, Bauxite, AR) 
having substantially all particle diameters less than about 45 microns. 
The dried tabular alumina was placed Into a dry porcelain ball mill 
having about 9 liters of internal volume. About 900 grams of ball 
5 milling stones (Standard Ceramic Supply Co., a Division of Chem-Clay 
Corporation, Pittsburgh, PA) each measuring about 15/16 of an inch 
(24 mm) in diameter were added to the ball mill and the alumina was 
ball milled dry for about 6 hours. The milling media was removed and 
about 36 grams of magnesium particulate (-325 mesh, Reade Manufacturing 

10 Co., Lakehurst, NJ) having substantially all particles smaller than 
about 45 microns was added to the ball mill. The lid to the mill was 
resecured and the tabular alumina and the magnesium particulate were 
roll mixed for about 2 hours. The roll mixed filler material admixture 
was then slowly added to a NALGENE® plastic beaker (Nalge Co., 

15 Rochester, NY) containing a solution comprising about 4.9 grams of XUS 
40303.00 Experiment Binder (Dow Chemical Co., Midland, MI) and about 
245 grams of ethyl alcohol. By slowly stirring the filler material 
admixture into the solution of binder and ethyl alcohol, a slurry was 
prepared. 

20 A matrix metal 182 in the shape of a right circular tube 

measuring about 2-3/8 inches (60 mm) in diameter and about 3 Inches (76 
mm) long and weighing about 131 grams and comprising commercially pure 
aluminum (Aluminum Association Alloy No. 170.1) was cleaned by 
sandblasting Its exterior and rinsing off the debris from sandblasting 

25 with ethyl alcohol. The sandblasted surface was then coated with a 

slurry comprising by weight about 67 percent magnesium particulate 184 
(-325 mesh, Reade Manufacturing Co.) and ethyl alcohol. The coating of 
magnesium particulate 184 was dried in air at ambient temperature for 
about an hour. Weighing the dried and coated matrix metal tube 182, 

30 184 revealed that about 1 gram of magnesium particulate 184 had been 
applied to the exterior of the tube. 

The slurry of filler material 180 discussed above comprising the 
ball milled tabular alumina and magnesium particulate was spray coated 
on top of the magnesium particulate coating 184. Specifically, a thin 

35 coating of filler material 180 was applied at a pressure of about 25 
ps1 (172 kPa) using a Model No. SG212G Speedy Sprayer spray paint gun 
(W.R. Brown, Inc., Chicago, IL). The coating of filler material. 180 
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was allowed to dry 1n air at ambient temperature for about ten minutes. 
This coating and drying operation was then repeated for about five 
iterations until about 100 grams of filler material 180 had been 
deposited onto the magnesium particulate layer 184 on top of the tube 
5 of matrix metal 182. A sheet of GRAFOIL® graphite foil 186 (Union 
Carbide Co., Carbon Products Div., Cleveland, OH) measuring about 3 
Inches (76 mm) in diameter was bonded to one end of the coated matrix 
metal tube with RIGIDLOCK® colloidal graphite cement (Polycarbon Corp., 
Valencia, CA). Another sheet of GRAFOIL® graphite foil 188 (Union 
10 Carbide Co.) measuring about 8 Inches (203 mm) long and about 3 Inches 
(76 mm) wide and about 15 mils (0.38 mm) thick was wrapped around the 
coated matrix metal tube 182 and fixed in placed with RIGIDLOCK® 
colloidal graphite cement (Polycarbon Corporation) to form a lay-up. 
A support bedding 190 comprising 90 grit (average particle size 
15 about 216 microns) 39 CRYSTOLON® green silicon carbide particulate 
(Norton Co., Worcester, MA) was poured Into a graphite boat 192 
measuring about 14 Inches (356 mm) long by about 11 inches (279 mm) 
wide by about 8 inches (203 mm) high to a depth of about 2 inches (76 
mm). The lay-up 180, 182, 184, 186, 188 comprising the wrapped and 
20 coated matrix metal tube was placed upon the green silicon carbide 

support bedding 190 within the graphite boat 192 and so oriented such 
that the axis of the tube was substantially vertical. Additional 90 
grit (216 1m) 39 CRYSTOLON® green silicon carbide particulate 190 was 
poured into the tube until the tube was substantially completely full. 
25 Additional 90 grit (216 lm) 39 CRYSTOLON® green silicon carbide 190 was 
poured into the graphite boat 192 around the tube assembly until the 
total depth, of silicon carbide 190 in the graphite boat 192 reached 
about 3-1/2 inches (89 ran) . 

The graphite boat 192 and its contents were placed Into an 
30 electrical resistance heated, controlled atmosphere furnace. The 

furnace atmosphere was evacuated to about 30 inches (762 mm) of mercury 
vacuum and backfilled with commercially pure nitrogen gas. A nitrogen 
gas flow rate of about 3 liters per minute was established through the 
furnace. The furnace temperature was raised from substantially room 
35 temperature to a temperature of about 200*C at a rate of about 200'C 
per hour and held at about 200*C for about 46 hours. The temperature 
was raised to about 460T at a rate of about 200*C per hour and held at 
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about 460* C for about 5 hours. The temperature was then raised to 
about 490*C at a rate of about 10*C per hour and held at about 490'C 
for about 1 hour. The temperature was raised to about 550 *C at a rate 
of about 150'C and held at about 550 *C for about 1 hour. The 
5 temperature was then raised to about 775*C at a rate of about 150 C C per 
hour and held at about 775'C for about 5 hours. The temperature was 
then lowered to about 760*C at a rate of about 150*C per hour. When a 
reduced temperature of about 760*C had been reached, the graphite boat 
192 was removed from the furnace and placed on a water-cooled aluminum 

10 quench plate. FEED0L® 9 hot topping particulate mixture (Foseco, Inc., 
Cleveland, OH) was poured on top of the lay-up 180, 182, 184, 186, 188 
to help directionally solidify the matrix metal 182. After cooling to 
substantially room temperature, the contents were removed from the 
graphite boat 192 and Inspected. It was discovered that the matrix 

15 metal tube 182 had Infiltrated the coating of filler material 180 on 

its surface to form a metal matrix composite body. A photograph of the 
metal matrix composite tube thus produced is shown 1n Figure 14. It 
has therefore been demonstrated that a metal matrix composite body in 
the shape of a tube can not only be fabricated by Infiltrating a drain 

20 cast tube preform or a tape cast preform molded against a tube of 

matrix metal, but also by spray coating a tube of matrix metal with a 
filler material admixture. 

Example 12 

25 This Example is another embodiment demonstrating the concept of 

infiltrating a filler material admixture coating on a sheet of matrix 
metal through use of the pressure! ess metal Infiltration process of the 
present invention. 

A slurry comprising a liquid and a filler material admixture 200 

30 was prepared. Specifically, about 850 grams of dried Grade T-64 
tabular alumina particulate (-325 mesh, Alcoa Industrial Chemicals 
Division, Bauxite, AR) having substantially all particles less than 
about 45 microns in size was placed into a dry porcelain ball mill 
having about 9 liters of internal volume. About 1700 grams of ball 

35 milling stones (Standard Ceramic Supply Co., a Division of Chem-Clay 
Corporation, Pittsburgh, PA) each measuring about 15/16 of an Inch (24 
mm) in diameter were added to the ball mill and the tabular alumina was 
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ball milled dry for about 6 hours. The ball milling stones were 
removed and about 150 grams of Grade A-1000 alumina powder (Alcoa 
Industrial Chemical Division) and about 40 grams of magnesium 
particulate (-325 mesh, Reade Manufacturing Company, Lakehurst, NJ) 

5 having substantially all particles less than 45 microns in size were 
added to the ball mill. The lid to the mill was resecured and the 
aluminas and the magnesium particulate were roll mixed for about 2 
hours. The roll mixed filler material admixture 200 was then slowly 
added to a NALGENE* plastic beaker (Nalge Company, Rochester, NY) 

10 containing a solution comprising about 7.8 grams of XUS 40303.00 

Experimental Binder (Dow Chemical Company, Midland, MI) and about 520 
grams of ethyl alcohol. By slowing stirring the filler material 
admixture into the solution of binder and ethyl alcohol, a slurry was 
prepared. 

15 Figure 15a is a cross-sectional view of the lay-up employed in 

fabricating two metal matrix composite boxes, Samples A and B, as 
herein described. 

Sample A 

20 A matrix metal sheet 202 approximately 1/8 inch (3 mm) in 

thickness, weighing about 344 grams and comprising by weight about 0.05 
to 0.20 percent copper, < 0.95 percent silicon plus iron, < 0.05 
percent manganese, < 0.10 percent zinc and the balance aluminum 
(Aluminum Association AlToy No. 1100) was farmed into a box 202 open on 

25 one^ end and measuring about 5 inches (127 mm) square by about .2 . inches 
(51 mm) deep. The interior of the box 20Z was cleaned by sandblasting 
followed by washing with ethyl alcohol. The interior of the. box 202 
was then brush coated with a slurry comprising by weight about 67 
percent magnesium particulate 204 (-325 mesh (< 45 juir), Reade 

30 Manufacturing Company) and the balance ethyl alcohol. After drying the 
coated matrix metal box 202, 204 in air at ambient temperature for 
about an hour, the coated matrix metal box 202, 204 was weighed, which 
revealed that about 1 gram of magnesium particulate 204 had been 
applied to the interior surface of the box. 

35 The slurry of filler material 200 discussed above comprising the 

aluminas and magnesium particulates was brush coated on top of the 
magnesium particulate coating 204 applied to the interior of the box 
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202. Specifically, a thin slurry coating of filler material 200 was 
applied and allowed to dry for about ten minutes in air at ambient 
temperature. This coating and drying sequence was then continued until 
about 330 grams of filler material 200 had been deposited onto the 
5 magnesium particulate layer 204 inside the matrix metal box 202. The 
coated matrix metal box 200, 202, 204 was then dried in air at ambient 
temperature for about 3 to 5 hours to ensure that all of the ethyl 
alcohol had evaporated. The coated surfaces of the matrix metal box 
200, 202, 204 were then spray coated with AER0DAG® G colloidal graphite 
10 206 (Acheson Colloids Company, Port Huron, HI) applied under about 25 
psi (172 kPa) of pressure using the Model No. SG212G Speedy Sprayer 
spray paint gun (W.R. Brown, Inc., Chicago, IL). 

Sample B 

15 A second matrix metal box 202 of substantially the same size and 

composition as the box described above was similarly cleaned and coated 
with the layer of magnesium particulate 204, the filler material 
admixture 202 and the colloidal graphite barrier coating 206 with the 
exception that these coatings and procedures were applied to the box 

20 exterior rather than the Interior. 

A graphite boat 208 measuring about 12 inches (305 mm) long by 
about 8 inches (203 mm) wide by about 6 inches (152 mm) tall was filled 
with a bedding material 210 comprising 90 grit (180 microns average 
particle sire) 39 CRYSTOLON® greerr silicon carbide particulate (Norton 

25 Company, Worcester, MA) to a depth of about 1 inch (25 mm) and leveled. 
The matrix metal box 202 whose coatings were applied on the exterior of 
the box (Sample B) was then placed into the graphite boat 208 on top of 
the silicon carbide bedding 210 and oriented such that the 5 Inch (127 
mm) base of the box 200, 204, 202, 206 contacted the bedding material 

30 210. Additional 90 grit (216 microns) 39 CRYST0L0N® green silicon 
carbide 210 was then poured Into the graphite boat 208 in and around 
the Sample B coated matrix metal box to a height substantially flush 
with the top edge of the box and leveled. The matrix metal box 202 
with the magnesium particulate infiltration enhancer precursor 204, the 

35 filler material admixture 200, and the barrier coatings 206 applied on 
the Inside of the box (Sample A) was then placed into the graphite boat 
208 with the open end of the box 202 facing down and pressed down into 
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the 90 grit (216 microns) 39 CRYSTOLON* silicon carbide bedding 210 to 
a depth such that the top of the bedding material 210 was substantially 
flush with the base of the box 202. 

The graphite boat 208 and its contents were placed into an 

5 electrical resistance heated, controlled atmosphere furnace. The 

furnace atmosphere was evacuated to about 30 inches (762 mm) of mercury 
vacuum and then backfilled with commercially pure nitrogen gas to 
substantially atmospheric pressure, A nitrogen gas flow rate of about 
2.5 liters per minute was established through the furnace. The furnace 

10 temperature was then raised from substantially room temperature to a 
temperature of about 460 # C at a rate of about 200*C per hour and held 
at a temperature of about 460*C for about 5 hours. The temperature was 
then increased to about 490'C at a rate of about 10 # C per hour and held 
at a temperature of about 490 # C for about 1 hour. The temperature was 

15 then increased to about 775*C at a rate of about 150 # C per hour and 
held at a temperature of about 775*C for about 5 hours. The 
temperature was then decreased to about 760*C at a rate of about 150 # C 
per hour. At a temperature of about 760 *C, the graphite boat 208 and 
its contents were removed from the furnace and placed onto a water- 

20 cooled aluminum quench plate. FEED0L® 9 hot topping particulate 

mixture (Foseco* Inc., Cleveland, OH) was poured onto the top of the 
exposed residual molten matrix metal 202* The top and sides of the 
graphite boat 208 were covered with an approximately 2 Inch (51 mm) 
thick layer of CERABLANKET* ceramic ftber insulation (Manville 

25 Refractory Products, Denver, CO). After cooling to substantially room 
temperature, the contents of the graphite boat 208 were removed from 
the graphite boat 208 . and inspected. Removal: of. the. colloidal graphite 
barrier coating 206 by sandblasting revealed that the matrix metal 202 
in the boxes had infiltrated the filler material admixture coatings 200 

30 on the interior and exterior surfaces of the boxes, respectively, to 
form metal matrix composite bodies replicating the shape of the matrix 
metal boxes as shown by the photos of Samples A and B in Figure 15b. 
Thus, this Example provides a further illustration that thin metal 
matrix composite bodies can be fabricated by coating thin shaped sheets 

35 of matrix metal with a filler material admixture and infiltrating the 
filler material admixture with the adjacent matrix metal by practicing 
the pressureless infiltration process of the present invention. 
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Example » 

This Example further Illustrates how a thin double-walled metal 
matrix composite body featuring Inversely replicated channels between 
5 the walls can be fabricated by infiltrating a filler material admixture 
coating applied over a perforated matrix metal sheet. The setup 
employed in carrying out the Infiltration was substantially the same as 
that used 1n Example 8 and Illustrated in Figure 8c. 

A sheet of a matrix metal 120 measuring about 3 inches (76 mm) 

10 long by about 2 inches (51 mm) wide by about 0.050 inches (1.3 mm) 

thick and comprising by weight about 0.4 to 0.8 percent silicon, < 0.7 
percent iron, about 0.15 to 0.40 percent copper, < 0.15 percent 
manganese, about 0.8 to 1.2 percent magnesium, about 0.04 to 0.35 
percent chromium, < 0.25 percent zinc, < 0.15 percent titanium and the 

15 balance aluminum was perforated with eight approximately 5/32 inch (4 
mm) diameter through holes 122 arranged in a staggered pattern as 
illustrated in Figure 16a. The surface of the perforated matrix metal 
sheet was prepared by first sandblasting the surface to remove any 
adhered surface oxide and then cleaning with ethyl alcohol to remove 

20 any debris from the sandblasting operation. 

A slurry of filler material 124 for coating the sheet of matrix 
metal comprised by weight about 3000 grams of Grade T-64 tabular 
alumina (-325 mesh, Alcoa Industrial Chemicals Division, Bauxite, AR), 
having substantially all particles less than about 45 microns in 

25 diameter, about 240 grams of magnesium particulate (-325 mesh, Reade 
Manufacturing Company, Lakehurst, NJ) having substantially all 
particles less than about 45 microns in diameter, about 162 grams of 
Grade XUS 40303*00 Experimental Binder (Dow Chemical Corporation, 
Midland, MI) and about 1038 grams of ethyl alcohol. The slurry was 

30 prepared by dissolving the binder Into the ethyl alcohol and stirring 
in the particulates of tabular alumina and magnesium. 

The matrix metal sheet 120 discussed above was dipped into the 
slurry to form an adherent coating on the sheet of a filler material 
124. The coated matrix metal sheet 120, 124 was then placed into a 

35 forced air drying oven and dried for about 15 to 30 minutes at a 

temperature of about 78*C. The dip coating and drying operation was 
repeated twice to produce a total of three layers of filler material 
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124 on the matrix metal sheet 120. The through holes 122 in the matrix 
metal sheet 120 were substantially filled with filler material 124. As 
dried, the total weight of filler material 124 was about 49 grams. 

The coated sheet of matrix metal 120, 124 was then encased within 

5 a single sheet of GRAFOIL® graphite foil 126 which measured about 15 
mils (0.38 mm) thick. The sheet of coated matrix metal was encased by 
wrapping and folding the GRAFOIL® around the coated sheet and sealing 
the seam with RIGIDLOCK® colloidal graphite cement (Polycarbon 
Corporation, Valencia, CA). The coated 124 and wrapped 126 sheet of 

10 matrix metal 120 was then placed between two plates of graphite 128 

each measuring about 8 inches (203 mm) long by about 4 inches (102 mm) 
wide by about 1/2 Inch (13 mm) thick in order to form an assembly 120, 
124, 126, 128. 

The assembly comprising the coated 124 and wrapped 126 sheet of 

15 matrix metal 120 which was sandwiched between the graphite plates 128 
was oriented vertically about the longitudinal axis of the assembly 
120, 124, 126, 128 within a graphite boat 130 having external 
dimensions of about 14 inches (356 mm) long by about 10-1/4 Inches (260 
mm) wide by about 1-1/2 inches (38 mm) tall and having a wall thickness 

20 of about 1/4 inch (6 mm). A graphite fixture 132 open at both ends 

measuring about 8 inches (203 mm) long by about 4 inches (102 mm) wide 
by about 6 inches (152 mm) tall and having a wall thickness of about 
1/4 inch (6 mm) was placed into the graphite boat and around the 
assembly 120, 124, 126, 128. A bedding material admixture 133 

25 comprising by weight about 15 percent Grade F-69 glass frit (Fusion 
Ceramics, Carroll ton, OH) and the balance equal weight proportions of 
90 grit (about 216. microns average particle diameter), 220 grit (about 
66 microns) and 500 grit (about 17 microns) El ALUNDUM® alumina (Norton 
Company, Worcester, MA) was poured into the region between the graphite 

30 fixture 132 and the assembly 120, 124, 126, 128 until the bedding 
material 133 obtained a depth of about 4 inches (102 mm). 

The graphite boat 130 and Its contents were placed into a 
electrical resistance heated, controlled atmosphere furnace at 
substantially room temperature. The furnace chamber was sealed, 

35 evacuated to about 30 inches (762 mm) of mercury vacuum and then 

backfilled with nitrogen gas to substantially atmospheric pressure. A 
nitrogen gas flow rate of about 5 liters per minute was established 
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through the furnace . The temperature 1n the furnace was increased to 
about 100 # C at a rate of about 200*C per hour. After maintaining a 
temperature of about 100°C for about 44 hours, the temperature was then 
increased to about 460 # C, again at a rate of about 200 # C per hour. 
5 After maintaining a temperature of about 460 # C for about 5 hours, the 
temperature was then Increased by about 30 # C at a rate of about 10*C 
per hour. After maintaining a temperature of about 490 # C for about 1 
hour, the temperature was then increased to about 800*C at a rate of 
about 200*C per hour. After maintaining a temperature of about 800 # C 

10 for about 6 hours, the pressureless infiltration of matrix metal into 
the filler material admixture coating was substantially complete and 
the furnace temperature was then decreased to about 700 # C at a rate of 
200 g C per hour. At a temperature of about 700 # C, the graphite boat 130 
and its contents were removed from the furnace and placed onto a water- 

15 cooled aluminum quench plate. 

After cooling to substantially room temperature, the assembly 
120, 124, 126, 128 was removed from the bedding material admixture 133 
and disassembled to reveal that virtually all of the matrix metal 120 
had infiltrated the filler material admixture coating 124 to produce a 

20 double-walled metal matrix composite body. The region defined between 
the metal matrix composite walls comprised empty space, except for 
those areas which correspond to the location of the approximately 5/32 
inch (4 mm) diameter through holes 1ZZ in the original sheet of matrix 
metal 120. These through holes 1Z2 in the matrix metal sheet 1Z0 which 

IS had been filled with filler material 124- were subsequently 

spontaneously infiltrated with matrix metal 120 during the pressureTess 
metal infiltration process to produce bridges or bonding joints roughly 
5/32 inch (4 mm) in diameter that joined the two walls of the formed 
metal matrix composite. A photograph of the formed metal matrix 

30 composite structure in both cross-sectional and frontal views 1s shown 
in Figures 17a and 17b. Thus, this Example illustrates further that a 
thin double-walled metal matrix composite body having an inversely 
replicated metal matrix composite structure between the walls can be 
produced. 



35 



WO 91/17280 



PCT/US91/03234 



- 90 - 

Eyample |4 

This Example demonstrates that a thin metal matrix composite 
coating can be formed on the surface of a matrix metal according to the 
techniques of the present invention. The setup used to fabricate the 
5 coating 1s illustrated schematically 1n Figure 18. 

Simple C 

About 2000 grams of Grade A- 17 alumina particulate (Alcoa 
Industrial Chemicals Division, Bauxite, AR) were placed into the 

10 approximately 10 liter mixing chamber of a V-blender (Porta Shell Lab 
Blender, Patterson Pump Co., a subsidiary of Banner Industries, Inc., 
Toccoa, GA). The cover was secured and the mixer was started. After 
mixing for about 5 minutes to break down the larger agglomerates 
against the high rotational speed intensifier bar, the mixing was 

15 stopped temporarily. About 100 grams of magnesium particulate (-325 
mesh, Atlantic Equipment Engineers, Bergenfield, NJ) having 
substantially all particles less than about 45 microns in diameter, 
were added to the mixing chamber and the admixture was blended for 
about 10 minutes. The mixer was stopped, the mixing chamber was 

20 opened, and about 20 grams of the particulate admixture was removed and 
stirred into an approximately 50 ml aluminum sample cup containing 
about 20 grams of ethyl alcohol to form a slurry of filler material 
220. The remaining dry particulate admixture was stored in an 
approximately 4 liter NALGENE® plastic jar (Nalge Co. y Rochester, NY) 

25 for future- use 220. 

A matrix metal ingot 222 measuring about 2 inches (51 mm) square 
by about 1/2 inch (13 ram) thick and comprising by weight about 0*4 to 
0.8 percent silicon, < 0.7 percent iron, about 0.15 to 0.40 percent 
copper, < 0.15 percent manganese, about 0.8 to .1*2 percent magnesium, 

30 about 0.04 to 0.35 percent chromium, < 0.25 percent zinc, < 0.15 

percent titanium and the balance aluminum was sandblasted to remove any 
adhered surface oxide and then rinsed with ethyl alcohol to remove any 
adhered debris from the sandblasting operation. The matrix metal ingot 
222 was then placed into a stainless steel pan measuring about 16 

35 inches (406 mm) long by about 12 inches (305 mm) wide by about 1/2 inch 
(13 mm) deep and oriented such that one 2 inch (51 mm) by 2 inch (51 
mm) face contacted the stainless steal. A shallow reservoir was 
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created around one of the 2 Inch (51 mm) square faces by applying a 
length of HIGHLAND® cellophane tape (Commercial Office Supply Division, 
3M Corporation, St. Paul, MN) to the four 2 inch (51 mm) by 1/2 Inch 
(13 mm) faces of the matrix metal ingot 222 such that the tape extended 
5 about 1/4 inch (6 mm) over the edge of the ingot. The slurry of filler 
material 220 was then poured over the matrix metal ingot 222 into the 
formed reservoir and allowed to dry in air at ambient temperature for 
about 3 to 5 hours. The cellophane tape was removed from the coated 
matrix metal ingot 222. 

10 

Sample D 

A dry particulate admixture comprising CERALOX HPA alumina 
(Ceralox Corp., Tucson, AZ) having an average particle size of about 
0.3 micron and magnesium particulate (-325 mesh, Atlantic Equipment 

15 Engineers, Bergenfield, MJ) having substantially all particles less 
than about 45 microns in size was prepared 1n substantially the same 
manner as the particulate admixture of Sample C. The particulate 
admixture 224 was then slurrified in substantially the same manner as 
that prepared for Sample C. An Ingot of a matrix metal 226 of 

20 substantially the same size and composition as that used in Sample C 
was cleaned in a similar fashion as the Sample C ingot. A coating of 
filler material 224 was then formed on the matrix metal Ingot 226 in 
substantially the same manner as that which was coated on the matrix 
metal ingot in Sample C 

25 A GRAFOIL® graphite foil box 228 (Union Carbide Company, Carbon 

Products Div., Cleveland, OH) was fabricated from a single sheet of 
GRAFOIL® measuring about 15 mils (0.38 mm) thick by making 
strategically placed cuts and folds fnto the sheet. The shape of the 
box was maintained by placing staples in the folds in the graphite 

30 foil. The GRAFOIL® box 228 measured about 11 inches (279 mm) long by 
about 8 inches (203 mm) wide by about 3 inches (76 mm) tall and was 
placed into a stainless steel boat 230 measuring about 12 Inches (305 
mm) long by about 9 Inches (229 mm) wide by about 11 inches (279 mm) 
tall. A bedding material 232 comprising Grade A-17 alumina particulate 

35 (Alcoa Industrial Chemicals Division) was poured Into the GRAFOIL® box 
228 to a depth of about 1/2 inch (13 mm) and leveled. The two coated 
matrix metal Ingots 220, 222, 224, 226 (Samples C and D) were placed 
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Into the GRAFOIL® box 228 on top of the alumina powder bedding material 
232 and oriented such that both coatings faced down against the alumina 
powder bedding 232. Additional Grade A-17 alumina particulate bedding 
material 232 was poured into the GRAFOIL* box 228 around the coated 

5 matrix metal Ingots 220, 222, 224, 226 to a level about 1/2 inch (13 
iran) above the top of the coated ingots. About 30 ml each by bulk 
volume of Grade RMC-3 magnesium turnings 234 (Reade Manufacturing 
Company, Lakehurst, NJ) and Grade TI-LOY 97 titanium sponge 236 
(Chemalloy Corporation, Bryn Hawr, PA) were placed into the stainless 

10 steel can 230 outside of the GRAF0IL* box 228. The titanium sponge 236 
and magnesium turnings 234 function as a getter to absorb oxygen and 
moisture. A copper foil sheet 238 measuring about 14 inches (356 mm) 
long by about 13 inches (330 mm) wide by about 6 mils (0.15 mm) thick 
was placed over the opening of the stainless steel can. The portions 

15 of the copper extending over the sides of the can were folded down 

against the sides of the can to form an isolated chamber. A hole for a 
nitrogen gas purge tube 240 was provided through one side of the can. 

The stainless steel can 230 and its contents were placed into an 
electrical resistance heated, air atmosphere furnace. A nitrogen gas 

20 flow rate of about 19 liters per minute was established into the can 
through a purge tube 240. The furnace was heated from substantially 
room temperature to a temperature of about 200* C in a period of about 
15 minutes. As soon as a temperature of about 20Q*C was achieved, the 
furnace temperature was increased to about 4Q0*C over a period of about 

25 3 hours* The temperature was then increased from about 400* C to about 
471>*C over a period of about 7 hours. The temperature was then 
increased from about 475*C to about 540*C over a period of about 7 
hours. The temperature was then increased from about 540* C to about 
725*C over a period of about 3 hours. After maintaining a temperature 

30 of about 725'C for about 2 hours, substantially all of the filler 

material 220, 224 had been infiltrated by matrix metal 222, 226, so the 
nitrogen gas purge tube 240 was disconnected and the stainless steel 
can 230 and its contents were removed from the furnace. The copper 
sheet 238 was removed from the top of the stainless steel can 230 and 

35 the contents were permitted to cool to about room temperature. 

Thereafter, the coated matrix metal ingots 220, 222, 224, 226 were 
removed from the alumina bedding material 232. A corner of each tile 
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was removed with a diamond saw, mounted In a thermosetting polymer 
material and polished on a diamond wheel. The optical photomicrographs 
shown 1n Figures 19a and 19b demonstrate that the matrix metal 222, 226 
did In fact Infiltrate each coating of filler material 220, 224 to 
5 produce a thin metal matrix composite coating on the surface of the 
matrix metal substrate. 

Example 15 

This Example further demonstrates the concept of forming a metal 

10 matrix composite layer on the surface of a matrix metal. In this 

embodiment, the matrix metal Infiltrates a thin layer of loose filler 
material to form a metal matrix composite. The setup used to perform 
the infiltration is shown schematically In Figure Z0. 

About 300 grams of Grade T-64 tabular alumina filler material 250 

15 (-325 mesh, Alcoa Industrial Chemicals Division, Bauxite, AR) having 
substantially all particles less than about 45 microns in size was 
placed Into a dry porcelain ball mill having approximately 4 liters of 
internal volume. About 150 grams of ball milling stones each having a 
diameter of about 15/16 inch (24 mm) (Standard Ceramic Supply Company, 

20 a Division of Chem-Clay Corporation, Pittsburgh, PA) were placed into 
the mill and the lid to the ©111 was secured. After dry ball milling 
the tabular alumina filler material 250 for about 2 hours, about 150 
grams of the milled tabular alumina filler material 250 was poured into 
a GRAF0IL® graphite foil box 252 (Union Carbide Co., Carbon Products 

25 Div., Cleveland, OH) measuring about 6 Inches (152 mm) square and about 
4 inches (102 mm) tall and leveled. The GRAFOTL® box 252 was 
fabricated from a single sheet of GRAF0IL® of about 15 mils (0.38 mm) 
thickness by making strategically placed cuts and folds in the GRAFOIL* 
sheet and stapling the folds to make a five-sided box open on one of 

30 the 6 Inch (152 mm) by 6 Inch (152 mm) faces. The GRAFOIL® box 252 was 
located inside of a graphite boat 254 having substantially the same 
interior dimensions as the GRAF0IL® box 252. Two matrix metal ingots 
256 each measuring about 3 inches (76 mm) long by about 2 inches (51 
mm) wide by about 1 inch (25 mm) thick and comprising by weight about 

35 10.5 percent magnesium and the balance aluminum were sandblasted to 

remove any adhered surface oxide and then rinsed with ethyl alcohol to 
remove any debris from the sandblasting operation. The ingots were 
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then placed into the GRAFOIL® box 252 on top of the tabular alumina 
filler material 250 such that one 3 Inch (76 mm) by 2 inch (51 inn) face 
of each matrix metal ingot 256 contacted filler material 250 and one 3 
inch (76 mm) by 1 Inch (25 mm) face contacted the other ingot of matrix 

5 metal 256. The graphite boat 254 and its contents were then placed 
into a stainless steel can 258 measuring about 10 inches (254 mm) long 
by about 8 inches (203 mm) wide by about 10 inches (254 mm) deep. 
About 15 grams of Grade RMC-3 magnesium turnings 260 (Reade 
Manufacturing Company, Lakehurst, NJ) and about 30 grams of TI-L0Y 97 

10 titanium sponge 262 (Chemalloy Corporation, Bryn Mawr, PA) were placed 
into the stainless steel can 258 outside of the graphite boat 254. The 
magnesium turnings 260 and the titanium sponge 262 serve to getter any 
moisture or oxygen in the stainless steel can 258 during the run. A 
copper foil sheet 264 of commercial purity measuring about 12 inches 

15 (305 mm) by about 10 inches (254 mm) wide by about 6 mils (0.15 mm) 

thick was placed over the opening of the stainless steel can 258. The 
portions of the copper foil sheet 264 extending over the sides of the 
can 258 were folded down against the can 258 to form an isolated 
chamber* A hole for a nitrogen gas purge tube was provided through one 

20 side of the can 258 near the base. 

The stainless steel can 258 and its contents were placed into an 
electric resistance heated, air atmosphere furnace. A nitrogen gas 
flow rate into the can of about 15 liters per minute was established 
through the purge tube 266. The furnace was then heated from 

25 substantially room temperature to a temperature of about 8Q0*C in about 
4 hours. After maintaining a temperature of about 800*C for about 4 
hours, the nitrogen gas purge tube 266 was disconnected and the 
stainless steel can 258 and its contents were removed from the furnace. 
The copper foil sheet 264 was removed from the can 258 and the graphite 

30 boat 254 and its contents were also removed from the can 258 and set 
onto a refractory plate. A blanket of CARBORUNDUM® FIBERFRAX® ceramic 
fiber insulation measuring about 2 inches (51 mm) thick was placed over 
the top and around the sides of the graphite boat 254 to help 
directionally solidify the matrix metal 256. After cooling to 

35 substantially room temperature, the GRAF0IL® box 252 and its contents 
were removed from the graphite boat 254. The GRAFOIL® box 252 was then 
disassembled to reveal that the matrix metal 256 had infiltrated the 



WO 91/17280 



PCT/US91/03234 



- 95 - 

thin layer of tabular alumina filler material 250 to produce a thin 
metal matrix composite layer. A vertical section of one of the corners 
of the solidified mass of metal matrix composite material and residual 
matrix metal 256 was made using a diamond saw. The vertical cross- 
5 section was then mounted 1n a thermosetting polymer material, polished 
on a diamond wheel, and examined using light microscopy. The optical 
photomicrographs 1n Figure 21 reveal that the thin metal matrix 
composite layer is metallurgical ly bonded to the residual matrix metal 
256 remaining after the infiltration of the tabular alumina filler 
10 material 250. Thus, this Example further illustrates that a metal 

matrix composite layer can be formed on the surface of a matrix metal 
substrate with excellent attachment to the substrate by allowing a mass 
of matrix metal to infiltrate a thin layer of a filler material. 

15 Example 16 

This Example demonstrates that a shaped thin metal matrix 
composite body can be made by Infiltrating a slurry cast shell with a 
matrix metal. After the Infiltration, the residual matrix metal is 
left in contact with the infiltrated shell to produce a macrocomposite 

20 comprising the metal matrix composite shell metal lurgically bonded to 
the matrix metal substrate underneath. The setup used to carry out the 
infiltration is shown schematically 1n Figure 22. 

An Investment shell mold 270 was fabricated according to 
substantially the same procedures as detailed in Example 6. In the 

25 present Example, however, the investment pattern comprised a golf club 
head instead of a sphere. Furthermore, whereas the Investment shell In 
Example 6 was fired at a temperature at about 850 # C for about 4-1/2 
hours to rigitftze said investment shell, in the present Example the 
investment shell mold 270 was fired at a temperature of about 800'C for 

30 about 6 hours. 

A filler material admixture 272 comprising by weight about 8 
percent magnesium particulate (-325 mesh, Atlantic Equipment Engineers 
Corporation, Bergenfield, NJ) having substantially all particles less 
than about 45 microns in size and the balance micropolish grade alpha- 

35 alumina (Buehler Limited, Lake Bluff, IL) having an average particle 
size of about 0.3 micron was placed into a dry NALGENE® plastic jar 
(Nalge Company, Rochester, NY) having an internal volume of about 1 
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liter. The weight of the filler material admixture totalled about 24 
grams. After roll mixing the filler material admixture 272 dry for 
about 1/2 hour, about 48 grams of toluene was added to the plastic jar 
to make a slurry. The slurry was then roll mixed for about 1/2 hour. 

5 To retard the rate of wall buildup during the slurry casting 

process, the investment shell mold 270 was soaked in toluene prior to 
slurry casting. The slurry was then poured into the investment pattern 
portion of the investment shell mold. After the filler material 
admixture 272 in the slurry had deposited on the wall of the investment 

10 shell mold 270 to a thickness of between 1/16 and 1/8 inch (1.6 and 3 
mm), the remaining slurry in the investment shell mold 270 was poured 
out. The resultant slurry cast coating of the filler material 
admixture 272 comprised a preform whose outer surface closely matched 
that of the original golf club head in size and shape. No deliberate 

15 drying operation was performed on the investment shell mold 270 with 
its interior coating 272 because substantially all of the toluene had 
volatilized out of the shell mold 270 by the time the mold 270 and its 
contents were loaded into a furnace. 

Ingots of matrix metal 274 weighing a total of about 364 grams 

20 and comprising by weight about 9.5 to 10.6 percent magnesium, < 0.25 
percent of each of silicon, copper and titanium, < 0.30 percent iron, 
< 0.15 percent of each of manganese and zinc and the balance aluminum 
were placed into the matrix metal reservoir chamber 276 in the upper 
half of the investment shell mold 270 and were supported by the lip of 

25 the shell mold. A PERHA FOIL graphite foU cover sheet 278 (TT 

America, Portland, OR) sufficiently large enough to cover the. open end 
of the matrix metal reservoir chamber 276 portion of the investment 
shell mold 270 was placed over the matrix metal ingots 274. 

The investment shell mold 270 and its contents were placed onto a 

30 stainless steel holder 280 and secured with copper foil straps 282. 

The stainless steel holder 280 and its contents were then placed into a 
stainless steel can 284 measuring about 10 inches (254 mm) long by 
about 10 inches (254 mm) wide by about 10 Inches (254 mm) tall. The 
floor of the can was covered with a graphite foil sheet 286 measuring 

35 about 10 Inches (254 mm) square and about 15 mils (0.38 mm) thick. 
About 10 grams each of Grade RMC-3 magnesium turnings 288 (Reade 
Manufacturing Company, Lakehurst, NJ^and TI-L0Y 97 titanium sponse 290 
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(Chemalloy Company, Bryn Mawr, PA) were placed into the stainless steel 
can 284 outside of the stainless steel holder 380 and its contents. 
The titanium sponge 290 and magnesium turnings 288 serve to absorb 
stray oxygen and moisture in the stainless steel can 284. A copper 
5 foil sheet 292 measuring about 12 inches (305 mm) square and about 6 
mils (0.15) thick was placed over the opening of the stainless steel 
can 284. The portions of the copper sheet 292 extending over the sides 
of the can 284 were folded down against the sides of the can 284 to 
form an isolated chamber. A hole for a nitrogen gas purge tube 294 was 

10 provided through one side of the can 284 near the base of the can 284. 

The stainless steel can 284 and its contents were placed into an 
electric resistance heated air atmosphere furnace. A nitrogen gas flow 
rate of about 12 liters per minute into the stainless steel can 284 
through the purge tube 294 was established. The furnace was heated 

15 from substantially room temperature to about 760'C at a rate of about 
600 # C per hour. At a temperature of about 650* C, the nitrogen gas flow 
rate was reduced from about 12 liters per minute to about 4 liters per 
minute. After maintaining a temperature of about 760 °C for about 1 
hour, the pressureless infiltration of the filler material 272 by the 

20 molten matrix metal 274 was substantially complete. Accordingly, the 
nitrogen gas purge tube 294 was disconnected from the stainless steel 
can 284 and the can and its contents were removed from the furnace. 

The copper foil sheet 292 and the stainless steel holder 280 and 
its contents were removed from the stainless steel can 284. The 

25 stainless steel holder 280 and its contents were placed onto a 

refractory plate and room temperature air was directed at the base of 
the stainless steel holder 280. FEED0L® 9 hot topping particulate 
mixture (Foseco, Tnc. f CleveTand, OH) was poured on top of the residual 
molten matrix metal 274 to assist in directionally solidifying the 

30 matrix metal in the composite. After the stainless steel holder 280 
and its contents had cooled to substantially room temperature, the 
investment shell mold 270 and its contents were removed from the holder 
280. The investment shell mold 270 was removed from the formed metal 
matrix composite body contained within using low force hammer blows. 

35 The contents of the investment shell mold 270 revealed that the matrix 
metal 274 had indeed Infiltrated the filler admixture 272 adjacent to 
the investment shell mold 270 to forma metal matrix composite bo t dy 
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having substantially the same shape as the original golf club wax 
investment pattern* Furthermore, the residual matrix metal 274 
substantially filled the cavity 296 inside the thin metal matrix 
composite golf club head. That the metal matrix composite surface 

5 layer was well bonded to the residual matrix metal contained within was 
demonstrated by the severity and Intensity of the hammer blows required 
to break off a piece of the metal matrix composite surface layer. 
Thus, this Example demonstrates that through a slight modification to 
the techniques employed in Example 6, wherein a hollow metal matrix 

10 composite body was fabricated by Infiltrating a slurry cast shell of a 
filler material, that similarly a solid body can be fabricated by 
Infiltrating a slurry cast shell of filler material and allowing the 
matrix metal to fill the cavity inside of the slurry cast shell of 
filler material. In essence, a macrocomposite resulted comprising a 

15 metal matrix composite surface layer well bonded to an unreinforced 
matrix metal substrate underneath. A photograph of a metal matrix 
composite golf club head similar to the one described above is shown in 
Figure 23 . 

20 Example 17 

This Example demonstrates a further embodiment of the technique 
of making a hollow metal matrix composite body by infiltrating a hollow 
slurry cast preform with a matrix metal. The setup employed in 
carrying out the infiltration is substantially the same as that shown 

25 in Figure 6b. A detailed cross-sectional view of the investment shell 
and its contents is shown schematically in Figure 24. 

A sphere measuring about 3 inches (76 mm) in diameter was spray 
coated with Grade MS-I22 fluorocarbon release agent dry lubricant 
(Miller Stevenson Company, Inc., Danbury, CT). Grade 61-1000 rubber 

30 molding compound (Plastic Tooling Supply Company, Exton, PA) was cast 
around the spray coated sphere to form a rubber mold inversely 
replicating the shape of the sphere. After curing the rubber molding 
compound in air for about 12 hours, the spray coated sphere was 
separated from the mold. An exact wax model of the original sphere was 

35 then made by casting Grade 5550-K. GRN. FLK. molten wax (Yates 

Manufacturing Company, Chicago, IL) at a temperature of about 110°C 
into the rubber mold cavity left after removing the sphere. The wax 
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was then allowed to cool to substantially room temperature. After the 
wax had cooled to substantially room temperature, the wax model was 
separated from the rubber mold. A similar process was used to 
fabricate a wax model for the matrix metal reservoir portion of the 
5 subsequent investment shell. The reservoir measured about 4 inches 
(102 mm) in diameter and about 3 Inches (76 mm) tall. Before 
solidification of the molten wax reservoir model, however, a wooden 
mandrel was Inserted Into the wax; the subsequent solidification of the 
wax locked the mandrel 1n place. 

10 The two wax models, that for the sphere itself and that for the 

matrix metal reservoir, were joined to produce an investment pattern. 
The means of joining the two wax models comprised welding with 
additional molten wax. 

An investment shell 102 comprising CaC0 3 was then built up on the 

15 surface of the wax investment pattern. Specifically, the wax 

investment pattern was dipped into a slip or slurry comprising by 
weight about 30.0 percent NYACOL® 1430 AT colloidal silica (Nyacol 
Products, Inc., an affiliate of PQ Corporation, Ashland, MA), about 
66.1 percent HUBERCARB® Q 325 calcium carbonate (-325 mesh, J. M Huber 

20 Corporation, Calcium Carbonate Div., Quincy, IL), having substantially 
all particles less than about 45 microns 1n size, about 3.0 percent 500 
grit (average particle stze about 17 microns) TETRAB0R® boron carbide 
(ESK Engineered Ceramics, New Canaan, CT), about 0.6 percent VICTOWET® 
12 wetting agent (Ran sonr and Randolph r Inc., Haumee, OH) and about 0.3 

25. percent DCH ANTIFOAH™ defoamer (Ransom and RandoTph, Inc.).- The slip 
coated wax model was then dusted or stuccoed with dry 90 grit (average 
particle size of about 216 microns) RANCO® SIL A silica sand (Ransom 
and RandoTph, Inc.). The wax model and its developing investment shell 
102 were then dried for about 1/2 hour at a temperature of about 65° C, 

30 The dried investment shell 102 was then dipped for about 2 seconds into 
a bath of NYACOL® 1430 AT colloidal silica. This dip-dust-dry-wet 
sequence was then immediately repeated. Next, the coated wax 
investment pattern was immediately dipped into a secondary investment 
slurry comprising by weight about 1 part RED IP® indicator (Ransom and 

35 Randolph, Inc.), about 2 parts VICTOWET® 12 wetting agent, about 56 

parts distilled water, about 274 parts NYACOL® 830 colloidal silica and 
about 700 parts RANCO® SIL No. 2 silica powder (Ransom and Randolph, 
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Inc.) to yield a slurry viscosity corresponding to about 15 seconds 1n 
a Zahn number 4 cup. The slurry coated Investment shell was then 
stuccoed or dipped In a fluldlzed bed of approximately 30 grit (average 
particle size of about 930 microns) RANC0® SIL B silica sand (Ransom 

5 and Randolph, Inc.). The stuccoed investment shell was again dried at 
a temperature of about 65 # C for about 1/2 hour or until the RED IP® 
indicator in the shell changed in color from yellow-green to deep 
orange. This second dip- stucco-dry sequence was then repeated an 
additional four to five times. No prewetting of the investment shell 

10 with colloidal silica between dippings in the secondary investment 

shell slurry was required. The coated wax investment pattern was then 
placed into a steam autoclave to remove the wax pattern from the 
surrounding investment shell. After autoclaving at a temperature 
corresponding to a water vapor pressure of about 100 psi (690 kPa) for 

15 about five minutes, substantially all of the wax had been removed from 
the surrounding investment shell 102. The resultant investment shell 
102 defined a spherical end portion 103 that inter-connected via a 
tubular neck region 104 to an open ended cylinder 105. The investment 
shell 102 was then removed from the steam autoclave and placed into a 

20 resistance heated air atmosphere furnace at substantially room 

temperature. The furnace temperature was then increased to about 850 *C 
at a rate of about 800'C per hour. After maintaining a temperature of 
about 850*C for about 4 hours to rigidize the investment shell 102, the 
shell was furnace cooled to a temperature of about 600 # C. The 

25 investment shell 102 was left In the approximately 600*C furnace until 
it was ready to be used for the spontaneous infiltration process. 

About 1126 grams of a slurry comprising by weight about 53.3. 
percent 1000 grit (6 microns average particle size) green silicon 
carbide (39 CRYST0L0N®, Norton Company, Worcester, MA), about 13.3 

30 percent 500 grit (17 microns average particle size) 39 CRYST0L0N® green 
silicon carbide, about 31.1 percent acetone, about 2.0 percent 
magnesium particulate (-325 mesh, Hart Corporation, Tamaqua, PA) having 
substantially all particle diameters less than about 45 microns, and 
about 0.3 percent Q-PAC® polypropylene carbonate binder (Air Products 

35 and Chemicals, Inc., Emmaus, PA) was prepared. Specifically, about 

1942 grams of 39 CRYST0L0N® green silicon carbide and about 58 grams of 
magnesium particulate were placed into a dry 8.3 liter porcelain ball 
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mill (U.S. Stoneware Corp., Mahwah, NJ) containing about 4000 grams of 
15/16 inch (24 mm) diameter mining media (Standard Ceramic Supply Co., 
a Division of Chem-Clay Corp., Pittsburgh, PA). After ball milling the 
particulates for about an hour, all but about 772 grains of ball milled 

5 particulates were removed from the mill. The removed ball milled 
particulates were sealed tightly 1n a NALGENE® plastic jar (Nalge 
Company, Rochester, NY) and stored for subsequent use. The acetone and 
the Q-PAC™ binder were added as a solution to the ball milled mixture 
and hand mixed to form a slurry. 

10 The slurry was poured Into the lower chamber or spherical portion 

103 of the aforementioned Investment shell 102 to the top of the neck 
portion 104 joining the upper 105 and lower 103 chambers of the 
Investment shell 102. During the slurry casting process, additional 
slurry was added to the lower chamber 103 to make up for the liquid 

15 absorbed by the walls of the Investment shell 102. After about 2 

minutes, the cake of filler material 106 built up on the walls of the 
investment shell 102 had reached a thickness of about 1/8 Inch (3 mm), 
so the residual slurry was poured from the investment shell 102. The 
resultant slurry cast coating comprised a spherical shell preform 106 

20 having an approximately 3/8 inch (10 mm) diameter opening and as dried 
weighed about 150 grams. 

Loose 500 grit alumina powder 108 (38 ALUNDUM®, Norton Company), 
having an average particle size of about 17 microns, was then poured 
into the interior of the slurry cast preform 106 within the investment 

25 shell 102 to a level substantially flush with the bottom of the- neck 
region 104. The 38 ALUNDUM® alumina powder w1lT not be substantially 
infiltrated with the matrix metal because neither the loose 38 ALUNDUM® 
alumina powder nor the matrix metal contains any significant amount of 
magnesium infiltration enhancer precursor. 

30 A dry filler admixture 112 having the same composition as the 

admixture which was utilized to make the slurry was then poured Into 
the neck region 104 of the investment shell 102 on top of the loose 38 
ALUNDUM® alumina particulate 108. The dry filler admixture 112 . 
substantially filled the neck 104 and filled the bottom of the upper 

35 portion 105 of the Investment shell to a depth of about 1/4 inch (6 

mm). Magnesium particulate 114 (-50 mesh, Reade Manufacturing Company) 
having substantially all its particles less than about 300 microns in 
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size was then sprinkled evenly over the top of this dry loose filler 
material admixture 112 until a concentration of about 6 milligrams per 
square centimeter was obtained. 

Several Ingots of a matrix metal 116 comprising by weight about 

5 12 percent silicon and the balance commercially pure aluminum, weighing 
a total of about 1225 grams, were placed on top of copper foil slings 
118 folded over the side of the reservoir chambers such that the ingots 
remained suspended over the magnesium particulate layer 114 and the 
filler material admixture 112 in the bottom of the upper or cylindrical 

10 portion of the investment shell 102. A PERMA FOIL graphite foil cover 
sheet 120 (TT America, Portland, OR) sufficiently large to cover the 
open end of the cylindrical portion 105 of the investment shell 102 was 
placed over the matrix metal 116. 

The investment shell 102 and its contents were placed onto a 

15 stainless steel holder 122 and secured with copper foil straps 124. 

The stainless steel holder IZZ and its contents were then placed into a 
stainless steel can 126 measuring about 10 inches (254 mm) long by 
about 10 inches (254 mm) wide by about 10 inches (254 mm) tall. The 
bottom of the stainless steel can 126 was covered with a graphite foil 

20 sheet 128 having substantially the same dimensions as the length and 
width of the can 126. About 10 grams each of Grade RMC-3 magnesium 
turnings 130 (Reade Manufacturing Company) and TI-LGY 97 titanium 
sponge 134 (Chemalloy Company, Bryn Mawr, PA) were placed into the 
stainless steel can 126 outside of the stainless steel holder 122. The 

25 titanium sponge and magnesium turning function as a 'getter' ta absorb, 
oxygen and moisture. Two copper foil sheets 132 each measuring about 
16 inches (406 ran) long by about 14. inches (356. m) wide by about 6 
mils (0.15 mm) thick were placed over the opening of the stainless 
steel can 126. The portions of the copper sheets 132. extending over 

30 the sides of the can 126 were folded down against the sides of the can 
126 to form an isolated chamber. A nitrogen gas purge tube 136 was 
provided through one side of the can 126. 

The stainless steel can 126 and its contents were placed into an 
electric resistance air atmosphere furnace. A nitrogen gas flow rate 

35 of about 15 liters per minute through the purge tube 136 into the 

stainless steel can 126 was established. The furnace was heated from 
substantially room temperature to a temperature of about 220 P C at a 



WO 91/17280 



PCT/US91/03234 



- 103 - 

rate of about 400 # C per hour. After maintaining a temperature of about 
220 *C for about 2 hours, the temperature was Increased to about 520 °C 
at a rate of about 400*C per hour. After maintaining a temperature of 
about 520*C for about 1 hour, the temperature was Increased to about 
5 780*C at a rate of about 400*C per hour. After maintaining a 

temperature of about 780*C for about 3 hours, the nitrogen gas purge 
tube 136 was disconnected. The stainless steel can 126 and Its 
contents were removed from the furnace. 

The copper foil sheets 132 and the stainless steel holder 122 and 

10 its contents were removed from the stainless steel can 126. The 

Investment shell 102 containing the formed metal matrix composite body 
was removed from the stainless steel holder 122 and was placed on 
refractory bricks 1n the path of forced air flowing at a rapid rate to 
permit directional solidification. FEED0L® 9 hot topping particulate 

15 mixture (Foseco, Inc., Cleveland OH) was poured on top of the molten 
matrix metal 116. After cooltng to about room temperature, the 
Investment shell 102 was removed with low force hammer blows to reveal 
that the matrix metal 116 had Infiltrated the loose filler admixture 
112 and the slurry cast filler admixture 106 adjacent to the Investment 

20 shell 102 to form a metal matrix composite body having substantially 
the same shape as the original spherical wax investment pattern. 
Residual matrix metal 116 was removed from the metal matrix composite 
body with a diamond saw. Finally, the metal matrix composite body was 
sliced in half using a diamond saw and the alumina powder 108 inside of 

25. the metal matrix composite shell was blown out with compressed air to 
reveaT a net shape surface showing practically zero infiltration of the 
loose 38 ALUNDUM® alumina powder. A photograph of the sectioned hollow 
metal matrix composite sphere is shown in Figure 25. The metal matrix 
composite body need not be sectioned to remove the uninfiltrated loose 

30 powder, however. Example 6 demonstrated that the shape Integrity of 

the body can be largely preserved by merely drilling a hole in the body 
and blowing out the loose powder with compressed air. 

Example lp 

35 This Example is essentially similar to Example 17 which disclosed 

a technique for making a hollow metal matrix composite body by 
infiltrating a hollow slurry cast pre/orm with a matrix metal. TJie 
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significant differences 1n the present Example from the previous 
Example are herein detailed. 

About 350 grams of a slurry which was prepared in substantially 
the same manner as the slurry described 1n Example 17 was poured Into 

5 the spherical or lower chamber of Investment shell 102 to the top of 
the neck portion 104 joining the upper 105 and lower 103 chambers of 
the Investment shell 102. A rubber stopper was Inserted Into the neck 
region 104 and the Investment shell was rotated In all directions for 
about 2 minutes so that the slurry would evenly coat all portions of 

10 the walls 1n the lower chamber 103. The Investment shell 102 was then 
rotated by hand about its horizontal axis for about 13 minutes. After 
a total of about 15 minutes of slurry casting, substantially all of the 
liquid had been absorbed by the porous investment shell. The rubber 
stopper was removed from the neck portion 104 of the investment shell 

15 102 and the investment shell 102 and Its developing slurry cast preform 
106 was placed into an air atmosphere drying oven at a temperature of 
about 90'C. After drying at a temperature of about 90 'C for about an 
hour, the Investment shell 102 and Its contents were removed from the 
drying oven and allowed to cool. Loose 500 grit alumina powder 108 (38 

20 ALUNDUM®, Norton Co., Worcester, MA) was then poured Into the Interior 
of the slurry cast preform 106 within the Investment shell 102 to a 
level substantially flush with the bottom of the neck region 104. The 
38 ALUNDUM® alumina powder will not be substantially infiltrated with 
the matrix metal because neither the loose 38 ALUNDUM® alumina powder 

25 nor thematrix metal contains any significant amount of magnesium 
infiltration enhancer precursor. 

Additional slurry material having substantially the same 

composition as the slurry used to cast the hollow spherical preform 
shape 106 into the lower portion 104 of the investment shell 102 was 

30 then slurry cast into the neck region 104 of the investment shell 102 
on top of the loose 38 ALUNDUM® alumina particulate 108. As casting 
proceeded, additional slurry was periodically poured into the reservoir 
until the cake of filler material 112 substantially filled the neck 
region 104 of the Investment shell 102. Magnesium particulate 114 (-50 

35 mesh, Reade Manufacturing Co., Lakehurst, .NJ) having substantially all 
particles less than about 300 microns in size was then sprinkled evenly 
over the top of this second slurry cast filler material admixture, 112 
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until a concentration of about 100 milligrams per square centimeter was 
obtained. 

Several ingots of a matrix metal 116 comprising by weight about 
12 percent silicon and the balance commercially pure aluminum weighing 
5 a total of about 1378 grams were placed on top of copper foil slings 
118 (Alloy 110, All Foils Inc., Brooklyn Heights, OH) folded over the 
side of the reservoir chambers such that the ingots remained suspended 
over the magnesium particulate layer 114 and the slurry cast filler 
material 112 in the bottom of the upper or cylindrical portion 105 of 

10 the investment shell 102. A PERMA FOIL graphite foil cover sheet 120 
(TT America, Portland, OR) sufficiently large to cover the end of the 
cylindrical portion 105 of the investment shell 102 was placed over the 
matrix metal 116. 

The total weight of filler material as dryed in the preform was 

15 about 319 grams. 

Another substantial difference between the present Example and 
Example 17 concerns the furnace heating schedule. In the present 
Example, a resistance heated controlled atmosphere furnace was, upon 
heating to the final processing temperature, was maintained at a 

20 temperature of 220 *C for about 11 hours. In Example 17 the temperature 
was maintained at approximately 220*C for only about 2 hours. 

After carrying out the spontaneous infiltration process and 
directionally solidifying the formed. metal matrix composite body and 
allowing said body to cool to substantially room temperature* the 

25 investment shell 102 was removed wtttr Tow force* hammer blows: to reveal ' 
that at Teast some of the matrix metal 116 had infiltrated the slurry 
cast filler material admixtures 112 and 10fr adjacent to the investment 
shelT 102 to fornr a metal matrix composite body having substantially 
the same shape as the original spherical wax investment pattern. 

30 Residual matrix metal 116 was removed from the metal matrix composite 
body with a diamond saw. A number of holes, each measuring about 11/32 
of an inch (8.7 mm) in diameter, were drilled in specific locations in 
the metal matrix composite spherical shell body using diamond tooling. 
The loose un infiltrated 38 ALUNDUM® alumina powder inside of the metal 

35 matrix composite spherical shell was blown out with compressed air. 
Finally, bolt threads were ground into the diamond -machined holes as 
illustrated by the photograph shown in Figure 26. 



WO 91/17280 



PCT/US91/03234 



- 106 - 

Example 19 

This Example further illustrates the technique of fabricating a 
metal matrix composite body of complex shape by infiltrating a loose 
5 filler material admixture with a matrix metal contained within an 

investment shell confinement means. A photograph of a truss fitting 
structure so formed is shown in Figure 27. The setup employed in 
carrying out the infiltration is substantially the same as that shown 
in Figure 6b. 

10 A wax model replicating the size and shape of the truss fitting 

structure was fabricated in substantially the same manner as the wax 
model described in Example 17. An investment shell was then formed 
around the wax model. The composition and assembly of the investment 
shell was substantially the same as that described in the 
15 aforementioned Example. After fabrication of the investment shell 
around the wax model, the wax was removed by a firing process 
substantially the same as that in Example 17. 

The resulting investment shell 102 was filled with a filler 
material admixture by substantially the same technique as employed 1n 
20 Example 9. The preparation and composition of the filler material 
admixture 106 was also substantially the same as that described in 
Example 9. The filler admixture was added to the investment shell 
until the bottom of the upper or reservoir portion 105. of the 
investment shell 102 was filled to a depth of about 1/2 inch. 
25 Magnesium particulate 114 -.(-50 mesh, Reade Manufacturing .Co., 

Lakehurst, NJ) having substantially all of its particles less than 
about 300 microns in size was then sprinkled evenly over the top of the 
dry, loose filler material admixture 106 until a concentration of about 
140 milligrams per square centimeter was obtained. 
30 Several ingots of a matrix metal 116 comprising by weight about 

12 percent silicon and the balance commercially pure aluminum weighing 
a total of about 2264 grams were placed on top of the layer of 
magnesium particulate in the upper or reservoir portion 105 of the 
investment shell 102. The ingots of matrix metal were located so as to 
35 avoid resting directly over the neck portion 104 of the investment 
shell 102. A PERMA FOIL graphite foil cover sheet 120 (TT America, 
Portland, OR) sufficiently large to Qpver the open end of the reservoir 
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portion 105 of the investment shell 102 was placed over the matrix 
metal 116. 

The investment shell 102 and Its contents were placed onto a 
stainless steel holder 122 and secured with copper foil straps 124. 
5 The stainless steel holder 122 and Its contents were then placed Into a 
stainless steel can 126 measuring about 10 inches (254 mm) long by 
about 10 inches (254 mm) wide by about 10 inches (254 mm) tall. The 
bottom of the stainless steel can 126 was covered with a graphite foil 
sheet 128 having substantially the same dimensions as the length and 

10 width of the can 126. About 10 grams each of Grade RMC-3 magnesium 
turnings 130 (Reade Manufacturing Co., Lakehurst, NJ) and TI-LOY 97 
titanium sponge 134 (Chemalloy Company, Bryn Mawr, PA) were placed into 
the stainless steel can 126 outside of a stainless steel holder 122. 
The titanium sponge and magnesium turning function as a "getter" to 

15 absorb oxygen and moisture. Two copper foil sheets 132 each measuring 
about 16 inches (406 mm) long by about 14 Inches (356 mm) wide by about 
6 inches (0.15 mm) thick were placed over the opening of the stainless 
steel can 126. The portions of the copper sheets 132, extending over 
the sides of the can 126, were folded against the sides of the can 126 

20 to form an Isolated chamber. A nitrogen gas purge tube 136 was 
provided through one side of the can 126. 

The stainless steel can 126 and its contents were placed into a 
resistance heated air atmosphere furnace. A nitrogen gas flow rate of 
about 15 liters per minute through the purge tube 136 into the 

25 stainless steel can 126 was established.. The furnace was heated from 
substantially room temperature to a temperature of about 220'C at a 
rate of about 400'C per hour. After maintaining a temperature of about 
220 'C for about 10 hours, the temperature was then -increased to about 
5Z0'C at a rate of about 400'C per hour. After maintaining a 

30 temperature of about 520'C for about 1 hour, the temperature was then 
Increased to about 780'C at a rate of about 400'C per hour. After 
maintaining a temperature of about 780'C for about 2 1/2 hours, a 
nitrogen purge tube 136 was disconnected. The stainless steel can 126 
and its contents were removed from the furnace. 

35 The copper foil sheets 132 and the stainless steel holder 122 and 

its contents were removed from the stainless steel can 126. The 
investment shell 102 and its contents were removed from the stainless 
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steel holder 122 and placed between two refractory supports. A1r was 
blown around the bottom of the Investment shell 102 to directional ly 
solidify the matrix metal In the composite. FEEDOL® 9 hot topping 
particulate mixture (Foseco, Inc., Cleveland, OH) was poured on top of 

5 the molten matrix metal 116. After the Investment shell 102 and Its 
contents had cooled to substantially room temperature, the Investment 
shell 102 was removed with low force hammer blows to reveal that the 
matrix metal 116 had Infiltrated the loose filler material admixture 
106 to form a metal matrix composite body having substantially the same 

10 size and shape as the original wax Investment pattern of the truss 

fitting structure. The residual matrix metal 116 was removed from the 
metal matrix composite body with a diamond saw. 

Example 2,0 

15 This Example demonstrates yet another embodiment of the concept 

of forming a metal matrix composite body containing inversely 
replicated channels. The setup used to make such a body 1s shown 
schematically in cross section In Figure 28. 

A matrix metal tube 400 measuring about 1.31 Inches (33 mm) in 

20 outside diameter by about 1.05 Inches (27 mm) in Inside diameter by 

about 6 inches (152 mm) tall was perforated with about 36 through holes 
each measuring about 0.17 inches (4.3 mm) in diameter and staggered at 
about 1 Inch (25 mm) intervals. The composition of the matrix metal 
comprised by weight about 0.4 to 0.8 percent stiicon, < 0.7 percent 

25. iron, about 0.15 to 0.40 percent copper, < 0.15- percent manganese, 
about 0.8 to 1.2 percent magnesium, about 0.04 to 0.35. percent 
chromium, < 0.25 percent zinc, < 0.15 percent titanium and the balance, 
aluminum (Aluminum Association Alloy No. 6061). The matrix metal tube 
400 was prepared by sandblasting to remove any surface oxide and was 

30 then cleaned with ethyl alcohol to remove any debris from the 

sandblasting operation. The perforated matrix metal tube 400 was then 
spray coated with a slurry 402 comprising by weight about 33 percent 
magnesium particulate (-325 mesh, Hart Corporation, Tamaqua, PA), about 
1 percent XUS 40303.00 Experimental Binder (Dow Chemical Co., Midland, 

35 MI) and the balance ethyl alcohol. After coating all surfaces of the 
matrix metal tube 400, the coated tube 400,402 was dried In a forced 
air drying oven at a temperature of about 70°C for about 15 minutes. 
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Weighing the matrix metal tube 400 before and after the coating 
operation revealed that about 0.26 grams of magnesium particulate had 
been deposited on the surface of the matrix metal tube 400. 

The following sequence of steps describes the assembly of the 
5 lay-up used 1n carrying out the metal matrix composite fabrication 
process. The top side of Grade AGSX graphite base plate 406 (Union 
Carbide Corp.) measuring about 3.5 Inches (89 mm) long by about 2.625 
(67 mm) Inches wide by about 0.5 Inches (13 mm) thick was coated with 
an approximately 50 volume percent solution of DAG® 154 colloidal 

10 graphite 410 (Acheson Colloids, Port Huron, MI) and the balance ethyl 
alcohol. The coated base plate was then cured or dried at a 
temperature of about 400*C 1n air for about 3 hours. A similar coating 
and drying operation was performed on the outside of a Grade AGXS 
graphite tube measuring about 0.625 inches (16 iron) in outside diameter 

15 by about 0.5625 inches (14.3 mm) in inside diameter by about 6 Inches 
(152 iron) tall. This coated graphite tube was then inserted Into an 
approximately 1/8 inch (3 iron) deep depression or countersink in the top 
side of the graphite base plate 406 so as to form the boundary for the 
inside diameter of the metal matrix composite. A grade AGSX graphite 

20 tube 404 (Union Carbide Co., Carbon Products Division, Danbury, CT) 
measuring about 2.0 inches (51 mrvr) in outside diameter by about 1.5 
inches (38 mm) in inside diameter by about 6.250 Inches (159 mm) tall 
was cemented to the top of the graphite base plate 406 concentric with 
the graphite tube 412. The means of cementing the two pieces of 

25 graphite comprised a mixture 408- of 180 grrtt^greerr silicon carbtde 

particulate (39 CRYSTOLON®, Norton Co., Worcester, MA) and RIGIDLOCK® 
colloidal graphite cement (Polycarbon Corporation, Valencia, CA) in a 
weight ratio of about 2 to 1. 

A sheet of GRAP0IL* graphite foil 414 (Union Carbide Co., Carbon 

30 Product Division, Cleveland, OH) measuring about 6 inches (152 mm) long 
and about 15 mils (0.4 mm) thick was wrapped around a mandrel in the 
shape of a rod whose diameter was just slightly less than that of the 
inside diameter of the larger diameter graphite tube 404. The width of 
the GRAF0IL® was such that an approximately 1/4 inch (6 mm) overlap was 

35 allowed. The portions of the GRAF0IL® overlapping were cemented to one 
another using RIGIDL0CK® colloidal graphite cement (Polycarbon Corp., 
Valencia, CA). The outside of the G8AF0IL® sheet 414 was also cqated 
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with a thin layer of RIGIDLOCK® colloidal graphite cement 416. Before 
the colloidal graphite cement had hardened, the mandrel and Its 
GRAFOIL® sheet layer 414 were inserted into the developing lay-up so 
that the coated GRAFOIL* sheet 414 could be transferred to the inside 
5 of the large diameter graphite tube 404. Specifically, the GRAFOIL® 
sheet 414 was transferred by removing the mandrel while holding the 
sheet 414 in place against the Inside of the graphite tube. After the 
mandrel was withdrawn, the GRAFOIL® sheet 414 was pressed firmly 
against the Inside of the large diameter graphite tube 404 to remove 
10 any air gaps between the GRAFOIL® sheet 414 and the graphite tube 404 
and to allow the RIGIDLOCK® graphite cement 416 to adhere the two 
pieces together. The coated matrix metal tube 400,402 was then 
Inserted into the cavity between the large 404 and small 412 diameter 
graphite tubes and centered between the two. 
15 A filler material admixture 418 was prepared by ball milling 

about 1000 grams of the admixture for about 6 hours in a dry porcelain 
ball mill having about 8.3 liters of internal volume and containing 
about 2000 grams of dense alumina milling media (Standard Ceramic 
Supply Co., a Division of Chem-Clay Corp., Pittsburgh, PA) each 
20 measuring about 15/16 inch (24 mm) in diameter. The filler material 
admixture 418 comprised by weight about 7.4 percent magnesium 
particulate (-325 mesh, Reade Manufacturing Co., Lakehurst, MJ) and the 
balance Grade T-64 tabular alumina (-325 mesh, Alcoa Industrial 
Chemicals Division, Bauxite, AR). The developing lay-up was then 
25 placed on top of a vibration table and low intensity vibration was 
initiated. About 98.37 grams of the ball milled filler material was 
poured around the matrix metal tube. The low intensity vibration 
allowed the loose fflTer material admixture 418 to fill all the holes 
in the matrix metal tube 400. The top of the filler material admixture 
30 418 was substantially flush with the top of the inside graphite tube 
412. A GRAFOIL® graphite foil ring 420 (Union Carbide Co., Carbon 
Products Division, Danbury, CT) was cut so as to substantially 
completely cover the exposed portion of the filler material admixture 
418 and was placed over the exposed top surface of said admixture. 
35 Finally, aluminum nitride particulate 422 (Starck B, Hermann C. Starck, 
Inc., New York, NY) having an average particle diameter of about 1 to 3 
microns was poured into the cavity inside the Inner graphite tube to a 
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point where some aluminum nitride particulate 422 was allowed to 
overflow covering the remainder of the top surface of the lay-up. 

The lay-up was placed into an electric resistance controlled 
atmosphere furnace. The furnace atmosphere was evacuated to about 30 
5 Inches (762 mm) of mercury vacuum and then backfilled with nitrogen 
gas. A nitrogen gas flow rate of about 5 liters per minute was 
established through the furnace. The furnace temperature was raised 
from substantially room temperature to a temperature of about 475 # C at 
a rate of about 200 'C per hour. After maintaining a temperature of 

10 about 475 # C for about 5 hours, the temperature was then increased to 
about 500 # C at a rate of about 10*C per hour. After maintaining a 
temperature of about 500 *C for about 1 hour, the temperature was then 
increased to about 800 # C at a rate of about 200 # C per hour. After 
maintaining a temperature of about 800*C for about 5 hours, the 

15 pressureless infiltration of the filler material admixture by the 

matrix metal was substantially complete and power to the furnace was 
terminated. The lay-up was allowed to cool in the furnace. After 
cooling to substantially room temperature, the lay-up was removed from 
the furnace and disassembled. The resulting metal matrix composite 

20 body which was recovered revealed that substantially all of the filler 
material 418 was infiltrated by matrix metal 400 and those portions of 
the lay-up which were originally occupied by matrix metal 400 had 
become cavities. The resulting metal matrix composite body thus 
substantially comprised two concentric tubes joined by channels of 

25, additional metal matrix composite material at those- locations which 

originally had been the through holes in the original matrix metal tube 
400. 

ExampTe £1 . 

30 This Example demonstrates that a metal matrix macrocomposite body 

can be fabricated to incorporate a polymer reinforcement material. The 
set-up employed to fabricate the metal matrix composite portion of the 
macrocomposite body was substantially the same as that Illustrated in 
Figure 28. 

35 The fabrication of a pair of concentric metal matrix composite 

tubes joined at various locations with bridging joints or channels of 
metal matrix composite material was substantially the same as that 
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described In Example 20 with the following exceptions. In the present 
Example, the mass of the filler material admixture which was vibration 
packed around the magnesium particulate coated matrix metal tube 
amounted to about 125 grams* Likewise, the matrix metal tube measured 

5 about 1.25 inches (32 mm) in outside diameter by about 1.075 inches (27 
ran) in inside diameter by about 5.0 inches (127 mm) in length and had a 
mass of about 62 grams. 

After fabrication of the joined concentric metal matrix composite 
tubes, the joined tubes were given a cleaning operation. Specifically, 

10 the joined tubes were grit-blasted on their exterior and interior 

surfaces and then rinsed with dehydrated ethyl alcohol to remove any 
debris from the grit-blasting operation. The cleaned metal matrix 
composite body was then allowed to dry in air at ambient temperature. 
A polymeric foam material was then prepared so as to fill the 

15 cavities between the joined concentric metal matrix composite tubes. 
Specifically, about 51.2 grams of FLEXIP0L® FP 252A (The Flexible 
Products Company, Marietta, GA) was hand mixed using a tongue depressor 
into about 100 grams of FLEXIP0L® FP 252B contained within a 500 ml 
plastic beaker. After mixing thoroughly, the mixture was agitated with 

20 the tongue depressor for about 30 seconds. The joined metal matrix 
composite concentric tube assembly was oriented vertically and placed 
upon a paper towel. The exposed cavity between the concentric metal 
matrix composite tubes was then filled with the polymeric mixture . 
The metal matrix composite concentric tube assembly was substantially 

2£ complete filled. The liquid polymer filled. metal matrix composite tube 
assembly was then allowed to sit undisturbed for about 30 minutes to 
allow the liquid polymer to cure. Upon curing, the mixture of the 
liquid polymer precursor compounds FLEXIP0L* FP 252A and FLEXIPOL® 
FP 252B yielded a self-supporting polyurethane foam. The resulting 

30 macrocomposite thus comprised concentric tubes of metal matrix 

composite material joined together at various locations with additional 
metal matrix composite material with the remaining space between the 
tubes filled with the formed polyurethane foam. 

This Example has therefore demonstrated that by extending the 

35 concept of fabricating a metal matrix composite body having inversely 
replicated channels that by filling said channels with a polymeric 
material that a polymer reinforced metal matrix macrocomposite bocjy can 
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be formed. A photograph of the formed macrocomposite in shown in 
Figure 29. 

Sample 22, 

5 This Example demonstrates that a metal matrix composite body 

having a honeycomb structure can be fabricated. 

A si unified filler material admixture was prepared by combining 
about 3000 grams of Grade T-64 tabular alumina (-325 mesh, Alcoa 
Industrial Chemicals Division, Bauxite, AR) having substantially all 

10 particles less than about 45 microns in diameter, about 240 grams of 
magnesium particulate (-325 mesh, Reade Manufacturing Co., Lakehurst, 
NJ) having substantially all particles less than about 45 microns 1n 
diameter, about 162 grams of XUS 40303.00 Experimental Binder (Dow 
Chemical Co., Midland, MI) and about 1038 grams of ethyl alcohol 1n a 

15 polyethylene jug having a volume of about 1 gallon. A handful of 

approximately 1/4 inch (6 mm) diameter alumina milling media was added 
to the slurry 1n the polyethylene jug and the slurry was roll mixed for 
about 2 hours on a mill rack at a speed of about 65 rpm. 

A matrix metal having a honeycomb structure (Pollux Corporation, 

20 Jessup, MD) and comprising by weight about 0.05-0.20 percent copper, 
about 1.0-1.5 percent manganese, < 0.6 percent silicon, < 0.7 percent 
iron, < 0.1 percent zinc, and the. balance aluminum (Aluminum 
Association Alloy No. 3003) and measuring about 3 inches (76 mm) long 
by about 0.9 Inch (23 mm) wide by about 1.1 inches (28 mm) tall and 

25 weighing about 4*. 73- grams was d1p-coated one- time- in the roll mixed 
slurry of filler material. The excess slurry was blown off with 
compressed air and the coated matrix metal honeycomb structure- was 
placed into a GRAFOIL® graphite foil box measuring about 4 1/4 inches 
(108 mm) long by about I inch (25 mm) wide by about 1 1/4 inches (32 

30 mm) tall. The graphite foil box was fabricated from a single sheet of 
GRAFOIL® measuring about 15 mils (0.38 mm) thick by making 
strategically placed cuts and folds and bonding the folds to one 
another using RIGIDL0CK® colloidal graphite cement (Polycarbon 
Corporation, Valencia, CA). The GRAFOIL® box was open on one end. The 

35 GRAFOIL® box and Its contents were placed into a forced air drying oven 
at a temperature of about 70'C and allowed to dry for about 15 minutes. 
A second five-sided GRAFOIL® box, to serve as a lid for the 
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aforementioned GRAFOIL® box, was fabricated by substantially the same 
means as the aforementioned box and measured about 4 3/8 inches (111 
mm) long by about 1 1/8 inches (29 mm) wide by 1/2 inch (13 mm) tall. 
The GRAFOIL® lid was placed over the opening of the GRAFOII® box and 

5 the enclosed box and its contents were placed into a Grade AGSX 

graphite boat whose exterior dimensions measured about 9 inches (229 
mm) long by about 5 inches (127 mm) wide by about 4 inches (102 mm) 
tall. A lid for this graphite boat was fabricated from graphite foil 
in substantially the same manner as the lid for the GRAFOIL® box. The 

10 graphite boat and Its contents were placed into a resistance heated 
controlled atmosphere furnace. The furnace chamber was evacuated to 
about 30 inches (762 mm) of mercury vacuum and backfilled with nitrogen 
gas. A nitrogen gas flow rate of about 2.5 liters per minute was 
established through the furnace. The furnace temperature was raised 

15 from substantially room temperature to a temperature of about 475* C at 
a rate of about 200* C per hour. After maintaining a temperature of 
about 475 *C for about 5 hours, the temperature was then increased to 
about 500*C at a rate of about 10*C per hour. After maintaining a 
temperature of about 500 *C for about 1 hour, the temperature was then 

20 increased to about 810 # C at a rate of about 200 # C per hour. After 
maintaining a temperature of about 810*C for about 5 hours r the 
pressureless infiltration of the filler material admixture by the 
matrix metal was substantially complete. The furnace temperature was 
accordingly decreased to a temperature of about 760*C at. a rate of 

2& about 200*C per hour. At a temperature of about 76Q*C, the graphite 

boat and its contents were removed from the furnace and allowed' to coal 
on a water-cooled aluminum quench plate. After cooling to 
substantially room temperature, the graphite boat and its contents were 
disassembled to reveal that the matrix metal honeycomb structure had 

30 indeed infiltrated its filler material admixture coating layer to 
produce a honeycomb metal matrix composite structure. 

A photograph of the formed metal matrix composite honeycomb ' 
structure is shown in Figure 30. An approximately SOX magnification 
photomicrograph of a cross-section of one of the sides of a hexagonal 

35 cell in the honeycomb structure is shown in Figure 31. The regions of 
metal matrix composite material 450 and residual metal 452 are clearly 
seen. 
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Example 23 

This Example Illustrates the simultaneous Infiltration of three 
individual tape case preforms each containing a different amount of 
5 infiltration enhancer precursor material, but each featuring an 

exterior coating on all surfaces of the preform comprising particulate 
infiltration enhancer precursor material. 

Referring to Figure 32, three thin preforms 330,332,334 were 
fabricated by Keramos Industries, Inc., Morrlsville, PA, using 

10 conventional tape casting techniques and having substantially the same 
composition which was employed in Example 2 with the exception that the 
preforms contained 0, 3 and 5 weight percent magnesium particulate 
(-325 mesh, Reade Manufacturing Company, Lakehurst, NJ, substantially 
all particle diameters smaller than about 45 pm), respectively. 

15 Each tape cast preform 330,332,334 was then coated with magnesium 

as follows. The tape cast preform 330 containing no magnesium was 
placed flat onto a first sheet of GRAFOIL® graphite foil (Union Carbide 
Co., Carbon Products Division, Cleveland, OH) measuring about 0.015 
inches (0.89 mm) thick and slightly larger in both length and width 

20 dimensions than the preform. Magnesium particulate (-325 mesh, Reade 
Manufacturing Company, having substantially all particles smaller than 
about 45 jim) was sprinkled onto the exposed face of the tape cast 
preform to a concentration of about 16 mg/cm*. A second sheet of 
GRAFOIL* graphite foil having substantially the same dimensions as the 

25. first sheet of graphite foil was placed in contact with the slurry 
coated upper face of the tape cast preform. The second sheet of 
graphite foil was substantially aligned with the first sheet of 
graphite foil. This assembly was then inverted and the first sheet of 
graphite foil was removed exposing the opposite (i.e., the lower) face 

30 of the tape cast preform. This remaining face was then coated with the 
magnesium particulate at about the same concentration as the first face 
and the coated preform was allowed to dry in air at ambient 
temperature. 

The three coated tape cast preforms were then assembled into a 
35 preform assembly comprising the various parts 52,54,56 (described in 
Example 2); and 330,332,334 (described above). The preform assembly 
had a different geometry than the preform assembly of Example 2, but 
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was fabricated by the same technique described in Example 2. For 
example, unlike the preform assembly of Example 2, that of the present 
Example had only a single sheet of graphite foil between the individual 
preforms . 

5 A particulate mixture 336 comprising by weight about 15% boro- 

silicate glass frit (F-69, Fusion Ceramics, Inc., Carrollton, OH) and 
the balance 90 grit El ALUNDUM® alumina (Norton Company, Worcester, * 
MA), having an average particle size of about 216 /wn, was poured into a 
steel boat 340 lined with GRAFOIL* graphite foil 338 to a depth of 

10 about 1 inch (25 mm). The steel boat generally comprised a box open on 
one end, and measured about 7 inches (178 mm) long by about 5 inches 
(127 mm) wide and about 7 inches (178 mm) deep. The preform assembly 
was placed atop the approximately 1 inch (25 mm) deep alumina/glass 
frit particulate mixture 336 in the same orientation as the assembly of 

15 Example 2. Additional alumina/glass frit particulate mixture 336 was 
then poured into the graphite coated steel boat 340 around the preform 
assembly to within about 1 inch (25 mm) from the top of the assembly 
and leveled. A GRAFOIl® graphite foil box 342 which was open on both 
ends and had a height of about 2 inches (51 mm) and an interior length 

20 and width that was substantially the same as the exterior length and 
width of the preform assembly, was fit around the top of the preform 
assembly as shown in Figure 32. A second GRAF0IL? graphite foil box 
344 open on both ends and having substantially the same height as the 
first GRAFOIL® box 342, but measuring about 1 1/2 inches (38 mm) larger 

25. in. both length and width than the dimensions of the first box 342 was 
then placed around the first box 342 and centered* Sufficient 39 
CRYST0LOH* green silicon carbide powder 62 (90 grit, Norton Company, 
Worcester* MA), having an average particle size of about 216 pm, was 
then introduced into the cavity between the graphite foil boxes 342 and 

30 344 substantially filling the cavity. Additional alumina/glass frit 

particulate mixture 336 was then poured into the graphite foil 338 » 
lined steel boat 340 in the space between the exterior box 344 and the 
wall of the boat, substantially filling said space. The exposed top 
surface of the preform assembly was then covered with an approximately 

35 0.125 inch (3 mm) thick layer of a dry particulate admixture 64 

comprising 54 and 90 grit 39 CRYST0L0N® green silicon carbides 1n a 
70:30 weight ratio to which magnesium particulate (-325 mesh, Reade 
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Manufacturing Company, having substantially all particles smaller than 
about 45 tm in diameter) had been added in a quantity amounting to 
about 2 percent of the weight of the silicon carbides. An 
approximately 0.125 Inch (3 mm) thick layer of magnesium particulate 66 
5 (-100 mesh < 150 pm particle diameter, Hart Co., Tamaqua, PA) was then 
placed on top of this particulate admixture layer 64 and leveled. An 
ingot of matrix metal 68 comprising by weight about 15% silicon, 5% 
magnesium and the balance aluminum and weighing about 150 grams was 
then placed on top of the magnesium particulate layer to serve as a 

10 matrix metal reservoir, thus completing the lay-up. 

The lay-up comprising the graphite foil 338 lined steel boat 340 
and its contents was then placed into a retort and the retort chamber 
was sealed. The retort was evacuated to about 30 inches (762 mm) of 
mercury vacuum and then backfilled with commercially pure nitrogen gas 

15 to substantially atmospheric pressure. After repeating this evacuation 
and backfilling procedure, a steady nitrogen gas flow rate of about 5 
liters per minute through the retort was established and maintained. 
The retort temperature was then raised from about room temperature to a 
temperature of about 450 # C at a rate of about 50 *C per hour. After 

20 maintaining a temperature of about 4-50*C for about 5 hours, the 

temperature was then increased to a temperature of about 795 P C at a 
rate of about 200'C per hour. After ma4nta1ning a temperature of about 
795 *C for about 10 hours, the retort was opened and the lay-up was 
removed from the retort and placed onto a water cooled copper quench 

25 plate to effect directional solidification of the molten matrix metal, 
To help maintain the temperature gradient during directional 
solidification, an approximately 2 inch (51 mm) thick FIBERFRAX® 
ceramic fiber bTanket (Carborundum Co., Niagara Falls, NY) was placed 
on top of the lay-up- After cooTing to substantially room temperature, 

30 the lay-up was disassembled to reveal that the molten matrix metal had 
infiltrated the three tape cast preforms 330,332,334 to produce three 
thin metal matrix composite bodies. 

Example 24 

35 This Example demonstrates the fabrication of a thin metal matrix 

composite body, wherein the preform is floated on the surface of a pool 
of molten matrix metal and the preform comprises silicon carbide vfhich 
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has been fired to form an Interconnected three-dimensional skeleton of 
a ceramic phase which bonds the silicon carbide particles together. 
Figure 33 is a cross-sectional schematic view of the lay-up employed in 
fabricating the thin metal matrix composite bodies by the above 
5 technique. 

A green tape cast preform measuring about 33 inches (838 mm) long 
by about 10.5 inches (267 mm) wide by about 0.125 inches (3 mm) thick 
was fabricated by Keramos Industries, Inc., using conventional tape 
casting techniques. The tape cast preform of the present Example 

10 comprised 39 CRYSTQLON® silicon carbide particulates (Norton Company, 
Worcester, MA) having average grit sizes of about 66 pm, 17 /im, 9 pm 
and 5 pm, respectively, in weight ratios of about 70:10:10:10, 
respectively, but did not contain magnesium. For purposes of 
experimentation, a sample measuring about 7.5 inches (191 mm) by about 

15 6.75 inches (171 mm) was cut out of the larger tape cast preform. 

The green tape cast preform was then fired to place the preform 
into a rigid condition. Specifically, the green preform was placed 
onto a perforated cordierite plate measuring about 13 inches (330 mm) 
by about 10 inches (254 mm) wide by about 0.5 inch (13 mm) thick with 

20 one of the about 33 inch (838 mm) by about 10.5 inch (267 mm) faces of 
the preform contacting the perforated cordierite plate. A FIBERFRAX® 
ceramic fiber paper (Carborundum Co. r Niagara Falls, NY) measuring 
about 0.125 inch (3 mm) thick and having substantially the same length 
and width dimensions as the green tape cast preform was placed on top 

25. of the preform in substantial conforming engagement with the prefom. 
A second perforated cordierite plate, having substantially the same 
dimensions as the first plate, was then placed on top of the ceramic 
fiber paper to complete the assembly for firing; The assembly was then 
placed into an air atmosphere furnace at a temperature of about 50 r C 

30 and the furnace temperature was subsequently increased to a temperature 
of about 425°C at a rate of about 50 # C per hour. Upon reaching a 
temperature of about 425 °C the temperature was then increased to a 
temperature of about 1050 °C at a rate of about 200 # C per hour. After 
maintaining a temperature of about 1050 # C for about 1 hour, the power 

35 to the furnace heating elements was interrupted and the furnace and its 
contents were allowed to cool. Once the furnace and its contents had 
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cooled to about room temperature) the furnace was opened and the 
assembly was removed and disassembled to recover the fired preform. 

The fired preform 350 was then prepared for the spontaneous 
infiltration process. In particular, the entire surface of the fired 
5 preform 350 was aerosol coated with KRYLON® acrylic spray (Borden, 
Inc., Columbus, OH) to temporarily seal the surface. The acrylic- 
coated preform 350 was then dried 1n a forced air oven for about 5 to 
10 minutes at a temperature of about 68 # C. After the acrylic coated 
preform 350 was retrieved from the drying oven and had cooled to about 

10 room temperature, the preform was then aerosol coated with a colloidal 
graphite. Specifically, DAG® 154 colloidal graphite (Acheson Colloids 
Co., Port Huron, MI) was thinned with ethyl alcohol in a 50:50 volume 
ratio to render it sprayable using a compressed air spray painting 
apparatus. The acrylic coated preform was coated on all surfaces with 

15 the air brushed colloidal graphite suspension. About 0.7 grams of 

colloidal graphite 352 was applied to the surface of the preform which 
would subsequently contact the molten matrix metal and the other five 
surfaces of the preform had about 1.1 grams of colloidal graphite 354 
uniformly applied thereon. The uniform coating of colloidal graphite 

20 354 on the remaining five surfaces of the preform served to terminate 
the infiltration of matrix metal into the preform. However, the 
considerably lighter coating 352 on the surface of the preform which 
contacts the molten matrix metal during the spontaneous infiltration 
process serves more as a gating means to restrict the areal contact of 

25. the molten matrix metal with the preform, thus assisting in the removal 
of residual matrix metal from the infiltrated preform following the 
spontaneous infiltration process. The colloidal graphite coated 
preform was then allowed to dry in air at ambient temperature untfT 
substantially all of the ethyl alcohol vehicle had voTatilfzed. 

30 The lay-up for conducting the spontaneous infiltration process 

was then assembled. In particular, a GRAF0IL® graphite foil sheet 356 
(Union Carbide Corp., Carbon Products Div., Cleveland, OH) measuring 
about 0.015 inch thick (0.38 mm) by about 9.25 inches (235 mm) long by 
about 13.25 inches (337 mm) wide was placed into the bottom of a 

35 shallow graphite boat 358 having interior length and width dimensions 
of substantially the same size as the graphite foil sheet 356 and 
measuring about 1.5 inches (38 mm) tall. The wall thickness of the 
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graphite boat 358 was about 0.5 Inch (13 ram). A particulate mixture 
360 comprising by weight about 13 percent Grade F-69 glass frit (Fusion 
Ceramics, Inc., Carroll ton, OH), about 26 percent 90 grit El ALUNDUM® 
alumina (Norton Co.), having an average particle size of about 216 /an, 

5 and the balance 36 grit 38 ALUNDUM 9 fused alumina (Norton Co.), having 
an average particle size of about 710 pn t was poured into the shallow 
graphite boat 358 to a depth of about 0.375 Inch (10 mm) and leveled. 
An ingot of matrix metal 362 weighing about 1,273 grams and comprising 
by weight about 20% silicon, 5% magnesium and the balance aluminum and 

10 having length and width dimensions somewhat larger than those of the 
preform 350 was placed into the boat 358 on top of the particulate 
mixture 360. The top surface 364 of the matrix metal Ingot was then 
spray coated with KRYL0N® acrylic (Borden, Inc.). Before the acrylic 
coating was allowed to dry, a graphite foil frame 366 and a layer of 

15 magnesium particulates 368 were placed on top of the coated ingot of 
matrix metal 362 to adhere the same to the ingot. Specifically, a 
rectangular graphite foil frame 366 measuring about 0.005 Inch (0.13 
mm) thick and having inside length and width dimensions of about 0.125 
inch (3 mm) less than the length and width dimensions of the fired 

20 preform 350, and outside length and width dimensions of about 0.25 inch 
(6 mm) greater than the length and width dimensions of the fired 
preform 350, was placed over the surface of the acrylic coated ingot 
362. Magnesium particulate (-50 mesh (< 300 im particle diameter), 
atomized, Hart Corp., Tamaqua, PA) was then sprinkled over the exposed 

2S acrylic coated surface of the matrix metal ingot 362 within the 

Interior of the graphite foil frame 366 until a concentration of about 
16 mg of magnesium per square centimeter of preform surface that was 
facing the matrix metal ingot 362 was achieved. The fired and coated 
preform 350 was then centered over the graphite foil frame 366 to 

30 complete the lay-up. 

The lay-up comprising the graphite boat 358 and its contents was » 
then placed into a retort and the retort chamber was sealed from the 
external environment. The retort chamber was evacuated to about 29 , 
Inches (737 mm) of mercury vacuum and then backfilled with commercially 

35 pure nitrogen gas to substantially atmospheric pressure. A nitrogen 
gas flow rate through the retort of about 5 liters per minute was 
thereafter established and maintained. The temperature of the retort 
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was then increased from about room temperature to a temperature of 
about 225*C at a rate of about 200 # C per hour. After maintaining a 
temperature of about 225°C for about 48.5 hours, the temperature was 
then Increased to a temperature of about 850 # C at a rate of about 200*C 
5 per hour. After maintaining a temperature of about 850*C for about 10 
hours, the temperature was decreased to a temperature of about 825°C at 
a rate of about 2Q0*C per hour. At a temperature of about 825*C, the 
retort chamber was opened and the graphite boat 358 and its contents 
were removed from the retort and placed onto a FIBERFRAX® ceramic fiber 

10 blanket (Carborundum Co.) measuring about 2 inches (51 mm) thick and 

allowed to cool to room temperature. During the cooling operation, the 
preform 350 separated from the residual mass of matrix metal 362 and 
little residual matrix metal was found adhered to the surface of the 
preform 350 which was in contact with the magnesium particulate 368 and 

15 the matrix metal 362. The remaining five surfaces of the preform were 
lightly grit blasted using glass bead media to remove the graphite 
coating 354. The removal of the graphite coating 354 revealed that the 
matrix metal 362 had completely infiltrated the fired preform 350 to 
produce a thin metal matrix composite body. It was observed that the 

20 flatness of the fired preform was maintained throughout the spontaneous 
infiltration process (i.e., little or no warping of the final preform 
occurred). The surface finish of the formed thin metal matrix 
composite body was measured with a surface profilometer and was found 
to be about 25 microinches (0.6. /an) Ra* 

25, This Example demonstrates that a tape cast preform may be 

rigidized by a firing operation and subsequently spontaneously 
infiltrated with molten matrix metal by floating the preform on the 
surface of the melt. The surface finish and the flatness of the 
pref ornr were largely preserved during the spontaneous Infiltration 

30 process and were substantially replicated in the final thin metal 
matrix composite body. 



Example ?5 

This Example Illustrates that thin metal matrix composite bodies 
35 may be fabricated by a process in which the spontaneous infiltration 
portion of the process is conducted in a semi -continuous manner. 
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Figure 34 is a cross-sectional schematic view of the lay-up employed in 
conducting the spontaneous infiltration process. 

A number of thin preforms measuring about 4 inches (102 mm) 
square by about 0.125 inch (3 mm) thick were fabricated by Keramos 

5 Industries, Inc., using conventional tape casting techniques. The 

ceramic component of the tape cast preforms comprised by weight about 
5% 39 CRYST0L0N® green silicon carbide particulate (Norton Company, 
Worcester, MA) having an average particle size of about 17 jim, about 20 
percent 100 GL silicon carbide particulate (Superior Graphite Co., 

10 Chicago, IL) having an average particle size about 0.6 im and the 
balance 39 CRYST0L0N® green silicon carbide particulate having an 
average particle size of about 5 pm. 

Two such preforms were fired in substantially the same manner as 
the tape cast preform described in Example 24, except that the firing 

15 schedule differed somewhat. In particular, the firing schedule for the 
first preform 370 comprised heating the preform along with its 
associated lay-up from about room temperature to a temperature of about 
900 # C at a rate of about 174 # C per hour, maintaining a temperature of 
about 900*C for about 5 hours and subsequently interrupting the power 

20 to the furnace heating elements and cooling the furnace and its 

contents down to about room temperature. The firing schedule for the 
second tape cast preform 372 comprised heating the air atmosphere 
furnace and Its contents from about room temperature to a temperature 
of about 1000*C at a rate of about 194*C per hour, maintaining a 

25 temperature of about 1000* C for about 5 hours and subsequently 

interrupting the power to the furnace heating elements and cooling the 
furnace and its contents, back, to about room temperature. The fired 
preforms were then retrieved from their respective furnaces. 

The two preforms 370,372 were each coated with aerosol applied 

30 layers of acrylic and colloidal graphite 374 in substantially the same 
proportion and technique as those layers which were described in 
Example 24 with the exception that the faces of each preform which were 
to contact the matrix metal during the spontaneous infiltration process 
were left uncoated. 

35 A lay-up was then assembled by the following technique. A 

particulate mixture 360 comprising by weight about 15 percent Grade F- 
69 glass frit (Fusion Ceramics, Inc., Carrollton, OH), about 13 weight 
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percent El ALUNDUM® alumina particulate (Norton Co., Worcester, MA), 
having an average particle size of about 216 /on, and the balance 38 
ALUNDUM® fused alumina particulate (Norton Co.), having an average 
particle size of about 710 /on, was poured Into a shallow graphite boat 
5 358 (having substantially the same interior and exterior dimensions as 
the graphite boat described in Example 24) to a depth of about 1/2 inch 
(13 mm) and leveled. An Ingot of matrix metal 376 measuring about 6 
inches (152 mm) square and about 1 inch (25 mm) thick and comprising by 
weight about 15% silicon, 5% magnesium and the balance aluminum was 

10 placed Into the graphite boat 358 on top of the bedding of particulate 
mixture 360. Additional alumina/glass frit particulate mixture 360 was 
then placed into the graphite boat 358 around the ingot of matrix metal 
376 to a height substantially flush with the top surface of the ingot 
376, but slightly higher out towards the walls of the graphite boat 358 

15 so as to provide a reservoir for the matrix metal 376 once the matrix 
metal had melted. A layer of magnesium particulate 368 (-50 mesh, Hart 
Corporation, Tamaqua, PA, having substantially all particle diameters 
smaller than about 300 im) was sprinkled evenly over about a 4 inch 
(152 mm) square region on the exposed surface of the matrix metal ingot 

20 376 to a concentration of about 16 mg per square centimeter. The first 
colloidal graphite coated preform 370 was then placed on top of the 
layer of magnesium particulate 368 with the uncoated surface of the 
preform contacting the magnesium layer to complete the lay-up. 

The lay-up, comprtslng the graphite boat 358 and. its contents, 

25 was then placed Into a retort and the retort chamber was sealed from 
the external atmosphere. The retort was evacuated to about 30 inches 
(762 mm) of mercury vacuum and then backfilled with commercially pure 
nitrogen gas to substantially atmospheric pressure. A nitrogen gas 
flow rate of about 5 liters per minute was thereafter established. The 

30 retort was then heated from about room temperature to a temperature of 
about 200'C at a rate of about 200'C per hour. After maintaining a 
temperature of about 200'C for about 7.5 hours, the temperature was 
then further increased to a temperature of about 823°C at a rate of 
about 200'C per hour. After maintaining a temperature of about 823'C 

35 for about 5 hours, the retort chamber was opened and the preform 370 
was removed from the lay-up. The residual molten matrix metal which 
still adhered to the preform 370 was wiped off with FIBERFRAX® ceramic 
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fiber blanket material and the preform was placed upside-down onto a 
large graphite plate which was at about room temperature and covered 
with an about 2 inch (51 mm) thick FIBERFRAX® ceramic fiber blanket 
(Carborundum Co., Niagara Falls, NY) which was at about room 

5 temperature. The preform was then allowed to cool to room temperature. 
Immediately after removing the first preform 370 from the lay-up, the 
second fired and coated preform 372 was placed onto the surface of the 
molten matrix metal 376 from the same lay-up used to infiltrate the 
first preform 370 and the retort chamber was resealed. After about 6 

10 hours, the retort was reopened and the second preform 372 was removed 
from the lay-up, wiped free of residual adhered matrix metal, and 
allowed to cool in the same manner as the first preform 370. After 
cooling to about room temperature, both preforms 370 and 372 were grit 
blasted using glass bead media to remove the colloidal graphite 

15 coatings 374. The removal of the graphite coatings 374 revealed that 
the matrix metal had spontaneously infiltrated both preforms to produce 
thin metal matrix composite bodies. 

This Example demonstrates that thin metal matrix composite bodies 
can be produced by a spontaneous infiltration process in a semi- 

20 continuous fashion in which a series of thin preforms at ambient 

temperature are sequentially placed onto the surface of a molten body 
of matrix metal in an oxygen-containing atmosphere and, provided that 
the atmosphere is subsequently converted to an infiltrating atmosphere, 
the preforms may be spontaneously infiltrated by the molten matrix 

25. metal to produce thin metal matrix composite bodies. 

Example 26 

This Example illustrates the fabrication of a thin metal matrix 
composite body by the flotation of an injection molded preform on the 

30 surface of a pool of molten matrix metal. The lay-up employed in 

carrying out the spontaneous infiltration process was substantially the 
same as that shown in Figure 33 and described in Example 24. 

About 5.5 grams of an admixture comprising by weight about 25% 39 
CRYST0L0N® silicon carbide particulate (Norton Company, Worcester, MA) 

35 having an average particle size of about 5 Mm and the balance 39 

CRYST0L0N* silicon carbide particulate having an average particle size 
of about 66 /im, was injection molded hy Technical Ceramics Laboratories 
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of Alpharetta, GA, using conventional Injection molding techniques to 
form a preform substantially comprising a rectangular box open on one 
end. The box measured approximately 2.5 Inches (64 mm) 1n length by 
about 0.55 Inches (14 mm) in width by about 0.28 Inches (7 mm) In 
5 height and featured an additional vertical wall running along the 

center of the floor of the box for substantially the entire length of 
the box and having a height approximately equal to the height of the 
box. 

This injection molded preform was then given a firing operation 
10 to convert the preform from a green body to a r1g1d1zed body 1n 

substantially the same manner as the firing operation described 1n 
Example 24 with the principal exception being that the dwell period at 
the temperature of 1050'C was about 0.5 hour in duration. 

The fired preform was coated with acrylic and with colloidal 
15 graphite 1n substantially the same manner as was the tape cast preform 
of Example 24. 

A lay-up was assembled in substantially the same manner as the 
lay-up described in Example 24. 

Referring to Figure 33, the lay-up comprising the shallow 

20 graphite boat 358 and Its contents was then placed into a retort. The 
retort chamber was sealed to the external environment and the retort 
was evacuated to about 30 inches (762 mm) of mercury vacuum after which 
the retort was backfilled with commercially pure nitrogen gas to about 
atmospheric pressure. A nitrogen gas flow rate through the retort of 

25 about 5 Itters per minute was thereafter established. The temperature 
1n the retort was then Increased from about roonr temperature to a 
temperature of about 225'C at a rate of about 2Q0'C per hour- After 
maintaining a temperature of about 225*C for about 2 hours, the 
temperature was then increased to a temperature of about 850'C at a 

30 rate of about 200'C per hour. After maintaining a temperature of about 
850 *C for about 10 hours, the temperature was then decreased to a 
temperature of about 825'C at a rate of about 200'C per hour. At a 
temperature of about 825'C, the retort chamber was opened and the 
preform was removed from the surface of the now molten matrix metal 362 

35 and placed atop an about 2 inch (51 mm) thick FIBERFRAX® ceramic fiber 
blanket (Carborundum Co., Niagara Falls, NY). The preform was then 
allowed to cool to about room temperature. Upon cooling to about room 
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temperature, the colloidal graphite coating 354 was removed by grit 
blasting using glass bead media to reveal that the matrix metal had 
infiltrated the Injection molded preform to produce a thin metal matrix 
composite body conforming substantially to the shape of the preform. 
5 This Example demonstrates that a thin-walled metal matrix 

composite body of complex geometry can be produced by spontaneously 
Infiltrating a thin-walled preform fabricated by an Injection molding 
process and thereafter floated on the surface of a body of molten 
matrix metal . 

10 

Example ?7 

This example demonstrates a method for forming a thin metal 
matrix composite body by spontaneous infiltration of a molten matrix 
metal into a preform made by a sedimentation casting process. The lay- 
up for performing the spontaneous infiltration process further 
comprises a support means which permits the preform to float on the 
surface of the molten matrix metal. 

An aqueous solution of BLUONIC® A colloidal alumina (Buntrock 
Industries, Lively, VA) totalling about 61.6 grams was diluted with 

20 about 122.6 grams of del on i zed water and placed into an approximately 
500 ml KAL6ENE® plastic jar (Nalge Company, Rochester, NY). About 
430,4 grams of 220 grit (average particle diameter of about 66 fm) 39 
CRYSTOLON® green silicon carbide particulate (Norton Company, 
Worcester, MA) and about 184.8 grams of 500 grit (average particle 

21 diameter of about 17 pm) 39 CRYSTQLON® green silicon carbide 
particulate were added to the jar. An amount of Dow experimental 
ceramic binder XUS4Q3Q3.QQ (Dow Chemical Company, Midland, ML), 
weighing approximately 0.6 grams, was added to the jar to prepare a 
slurry for casting. The jar and its contents were roll milled for 

30 about 2 hours and then placed on an orbital mixer and mixed for about 2 
hours. 

A Grade GI-1000 silicone rubber mold (Plastic Tooling Supply 
Company, Exton, PA) having a circular internal cavity measuring about 6 
inches (152 mm) in diameter by about 0.064 inch (1.61 mm) deep was 
35 placed onto a flat rigid aluminum plate. The filler material slurry 
was poured into the mold until the mold was substantially full. The 
aluminum plate/mold assembly and its contents were then placed within a 
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vacuum chamber, and a vacuum level of about 28 Inches (711 mm) of 
mercury was established within the chamber. After about 2 minutes, 
atmospheric pressure was re-established within the vacuum chamber and 
the aluminum plate/mold assembly and Its contents »re removed from the 

5 vacuum chamber. The mold and Its contents were then placed on a 

Syntron magnetic vibrator (FMC, West Reading, PA). The vibrating table 
was turned on and the control knob was set to about 5. After about 1 
minute the control knob was turned down to about 3 and the slurry 
mixture was scraped towards the middle of the mold utilizing a plastic 

10 spatula. After about 4 minutes of vibration with the control knob set 
at 3, residual water was scraped from the top of the slurry mixture, 
the vibrating table was turned off, and the preform within the mold was 
allowed to dry at room temperature for about 3 hours. 

After drying, the preform was removed from the mold and placed 

15 onto a zirconla plate having dimensions of about 6 1/2 inches (165 mm) 
square by about 1/2 inch (13 mm) thick. The zirconla plate and preform 
were placed within a room temperature air atmosphere furnace. The 
temperature 1n the furnace was increased from about room temperature to 
about 100'C 1n about 1 hour. After maintaining a temperature of about 

20 100'C for about 1 hour, the temperature in the furnace was increased to 
about 1100'C in about 8 hours. After maintaining a temperature of 
about 1 100'C for about Z hours, the temperature in the furnace was 
decreased to about room temperature in about 5 hours. The zirconla 
plate and preform were removed from the furnace. 

25 A mixture to be used as a barrier coating comprising by volume 

about 50% DAG® 154 colloidal graphite (Acheson Colloids Company, Port 
Huron, HI) and about 50% denatured ethanol, was prepared. An air brush 
was used to apply a thin layer of the barrier coating to one side of 
the preform; The barrier coating was allowed to dry and an additional 

30 thin layer of barrier coating was applied in substantially the same 
manner. This procedure was repeated until about 0.28 grams of the 
barrier coating was applied. 

As shown 1n Figure 35, a graphite boat 380 having internal 
dimensions of about 9 inches (229 mm) square by about 4 inches (102 mm) 

35 high and a wall thickness of about 1/2 inch (13 mm) was altered in the 
following manner. An about 8 1/2 Inch (216 mm) by about 4 inch (102 
mm) section was cut out of one side wall 382 of the graphite boat 380. 
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An about 3/16 (5 mm) inch thick groove was cut Into the bottom portion 
and side portions of the graphite boat to accommodate a sliding door 
mechanism. A graphite plate 384 measuring about 9 Inches (229 mm) wide 
by about 6 inches (152 mm) high and having a thickness of about 3/16 

5 inch (5 mm) was placed Into the grooves to form the sliding door 

mechanism. The inner surfaces of a portion of the graphite boat 380 
were lined with a single sheet of GRAFOIL® graphite foil 386 (Union 
Carbide Corp., Carbon Products Div., Cleveland, OH) measuring about 
0.015 inch (0.38 mm) thick by making strategically located cuts and 

10 folds in the sheet. The sliding gate mechanism was also lined with 
GRAF0IL® graphite foil. A second graphite boat 388 having internal 
dimensions of about 1 1/2 inches (38 mm) by about 8 inches (203 mm) and 
a wall thickness of about 1/2 inch (13 mm) was placed into the graphite 
boat 380 next to the wall opposite the sliding door mechanism. Four 

15 holes 390 measuring about 5/16 inch (8 mm) in diameter were drilled 

through the bottom portion of the side wall of the second graphite boat 
388 facing the sliding door mechanism. Six graphite riser rings 392 
measuring about 1/4 inch (6 mm) high and having diameters of about 3/4 
inch (19 mm) were strategically placed into the first graphite boat 380 

20 to act as a support means for the preform. The graphite riser rings 
392 were glued to the GRAF0IL® sheet utilizing GRAPH I BOND 111 551-B 
graphite cement (Aremco Products, Inc., Ossining, NY). 

The preform 394 was placed onto the graphite riser rings 392 
within the graphite boat 380 such that the uncoated side of the preform 

25 394 contacted the graphite riser rings 392. A matrix metal ingot 396 
comprising by weight about 15% silicon* 5.5% magnesium and the balance 
aluminum, and having a total weight of about 1496*5 grams, was placed, 
into the second graphite boat 388. The graphite boat 380 and its 
contents were placed into a resistance heated controlled atmosphere 

30 furnace at about room temperature. The furnace was sealed, evacuated 
to about 30 inches (762 mm) of mercury vacuum, and backfilled with 
commercially pure nitrogen gas to about atmospheric pressure. This 
procedure was repeated a second time. A nitrogen gas flow rate of 
about 5 liters per minute was established within the furnace. The 

35 temperature in the furnace was Increased at a rate of about 200*C per 
hour to a level of about 800*C. After maintaining a temperature of 
about 800 # C for about 16 hours, the furnace door was opened and the 
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sliding door mechanism was pulled up utilizing a pair of stainless 
steel tongs to allow the remaining molten matrix metal to drain into a 
steel boat containing sand. After substantially all of the remaining 
molten matrix metal had drained into the sand, the sliding gate 
5 mechanism was returned to its original position, and the preform 394 
was removed from the graphite boat 380 and placed upside-down (face 
originally contacting the matrix metal facing up) on a piece of 
GRAFOIL® graphite foil larger in length and width than the preform. 
The preform 394 cooled to about room temperature in about 15 minutes. 

10 The preform 394 was then lightly grit blasted using glass bead media to 
remove the colloidal graphite barrier coating to reveal that the molten 
matrix metal 396 had spontaneously infiltrated the preform 394 to 
produce a thin metal matrix composite body. 

This Example demonstrates that a thin preform made by a 

15 sedimentation casting process may be spontaneously infiltrated by a 
molten matrix metal to form a thin metal matrix composite by using a 
lay-up in which the preform is initially in contact with supports which 
prevent contact between the preform and the floor of a boat which 
contains both the preform and the matrix metal. During the spontaneous 

20 infiltration process, the preform is floated off of its supports by the 
molten matrix metal* 
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1. A method for forming a thin-walled metal matrix composite 
body comprising: 

providing a thin sheet of matrix metal; 
5 at least partially surrounding said thin sheet of matrix metal 

with a permeable mass comprising at least one filler material; and 
Infiltrating at least a portion of the permeable mass with 
molten matrix metal, thereby forming a metal matrix composite body 
which inversely replicates the configuration of said body of matrix 
10 metal . 

2. The method of claim 1, wherein said thin sheet of matrix 
metal includes at least one hole therethrough and at least some filler 
is present in said hole prior to said infiltration, 

3. The method of claim 2, wherein a double-walled metal matrix 
15 composite structure containing a cavity is made, and said cavity 

includes at least one reinforcing member located at a position 
corresponding to said at least one hole. 

4. The method of claim 3, wherein said at least one 
reinforcing member contacts each of said double walls across said 

20 cavity. 

5. The method of claim 3, wherein at least one material 
selected from the group consisting of a monomer, a polymer, a polymer 
matrix composite, a metal, a ceramic and a glass is located in at least 
a portion of said cavity, 

25 6. The method of any one of claims 1-5, wherein said 

infiltrating comprises spontaneous infiltration. 

7. A method for forming a thin metal matrix composite body- 
comprising: 

forming at least one thin permeable mass into a preform by at 
30 least one process selected from the group consisting of tape casting, 
slip casting, drain casting, extrusion, sediment casting, dry pressing, 
isostatic pressing, extrusion, spray coating and injection molding; 
forming a molten source of matrix metal; 
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providing at least one of an Infiltration enhancer and an 
infiltration enhancer precursor to at least one of said matrix metal, 
said preform and an infiltrating atmosphere, to cause spontaneous 
infiltration of the matrix metal into the permeable mass to occur; and 
5 spontaneously infiltrating at least a portion of said preform 

with molten matrix metal. 

8. The method of claim 7, wherein said permeable preform 
comprises a tape cast material. 

9. The method of claim 8, wherein said tape cast material is 

10 contacted against a barrier material and infiltration occurs up to said 
barrier. 

10. The method of claim 9, wherein said tape cast material is 
placed upon a mandrel. 

11. The method of claim 7, wherein said permeable mass 

15 comprises a hollow slip cast preform and wherein substantially all of 
an outer surface of said slip cast preform contacts a barrier material 
and substantially all of an Inner surface of said preform contacts a 
material which is not Infiltratable under the process conditions, and 
further wherein only a portion of the preform contacts molten matrix 

20 metal . 

12. The method according to any one of claims 1 or 7, wherein 
said permeable mass comprises a filler material which is applied to at 
least one surface of said matrix metal. 

13. The method according to claim 1, wherein said permeable 
25 mass comprises a filler material whidr is applied to a surface of a 

barrfer material . 

14. The method according to any one of claims 1 or 7, wherein 
said thin metal matrix composite is fabricated in a continuous manner. 

15. The method according to any one of claims 1 or 7, wherein a 
30 plurality of permeable masses are laminated one on top of the other and 

each of said permeable masses are separated by a barrier material. 

16. The method of any one of claims 1-15, wherein said matrix 
metal comprises aluminum. 

17. A metal matrix composite produced 1n accordance with any of 
35 the preceding claims. 
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18. A metal matrix composite body comprising: 

a double-walled metal matrix composite containing a cavity 

between at least a portion of said double walls; and 

at least one reinforcing member connecting said double walls. 
5 ig. The metal matrix composite body of claim 18, wherein at 

least one material selected from the group consisting of a monomer, a 

polymer, a polymer matrix composite, a metal, a ceramic and a glass is 

located in at least a portion of said cavity. 

20. The metal matrix composite body of claim 19, wherein a 
10 polymer 1s located 1n at least a portion of said cavity. 

21. The metal matrix composite body of any one of claims 19 or 
20, where said cavity 1s substantially completely filled by said 
material. 

22. The metal matrix composite body of any one of claims 18-21, 
15 wherein matrix metal in said metal matrix composite body comprises 

aluminum. 

23. The metal matrix composite body of any one of claims 18-22, 
wherein reinforcement in said metal matrix composite body comprises at 
.least one ceramic. 

20 24. The metal matrix composite body of any one of claims 18-23, 

wherein matrix metal in said metal matrix composite body is 
substantially tbree-dimensionally interconnected. 



WO 91/17280 PCT/US91/03234 



I / 23 




LL9- lb 



SUBSTITUTE SHFFT 



WO 91/17280 



PCT/US91/03234 



2/23 




L_L9 - Ic 



SUBSTITUTE SHEET 



WO 91/17280 



PCT/US91/03234 



3/23 





ciiBSTITUTE SHEET 



PCT/US91/03234 




& ; 

V 
\ 
V 
\- 

:\ 



110 



•• v 



100 



108 



102 



t_L9- 5 

SUBSTITUTE SHEET 



104 



■106 



WO 91/17280 



PCT/US91/03234 



5/23 




SUBSTITUTE SHEET 



WO 91/17280 



6/ 23 



PCT/US91/03234 




MIOCTITIITC CUCCT 



WO 91/17280 



PCT/US91/03234 




L-L9- 8c 

fenoeTITUTE SHEET 



WO 91/17280 



8/23 



PCT/US91/03234 




L19- 10 

SUBSTITUTE SHEET 



WO 91/17280 



PCTAUS9 1/03234 



9/23 




LL9- 12 



SUBSTITUTE SHEET 



WO 91/17280 



PCI7US91/03234 



10/23 



LIS- 13 



\ 
\ 
\ 
\ 

s 

\. 

v- 

y 



' 8 « .90 182 




L±9- 14 




WO 91/17280 



PCT/US91/03234 



11/23 



208^ 




EH - I5b 



WO 91/17280 PCT/US91/03234 

12 /23 




eimcTITUTE SHEET 



WO 91/17280 



13/23 



PCT/US91/03234 




WO 91/17280 PCT/US91/03234 

14/23 




SUBSTITUTE SHEET 



WO 91/17280 



PCT/US91/03234 



15/23 




L-L9- 19 b 



SUBSTITUTE SHEET 



WO 91/17280 



PCT/US91/03234 



16/ 23 




L-L9- 21 



WO 91/17280 



PCT/US91/03234 



17/ 23 




LIS- 23 

SUBSTITUTE SHEET 



WO 91/17280 



PCT/US91/03234 



18/23 




410 



LL9- 28 

cimSTITUTE SHEET 



WO 91/17280 



19 /23 



PCT/US91/03234 




LIS- 26 



SUBSTITUTE SHEET 



PCT/US91/03234 



20/23 




Lj_g- 27 




LL9- 29 

SUBSTITUTE SHEET 



WO 91/17280 



21 /23 



PCT/US91/03234 





WO 91/17280 



PCT/US91/03234 



22 /23 




!LL9- 32 




SUBSTITUTE SHEET 



WO 91/17280 



PCT/US91/03234 



23/23 




U_9- 34 



386 



\ 



380 



S 

s 




384 




\ \ s \ 



^382 



SUBSTITUTE SHEET 



INTERNATIONAL SEARCH REPORT 

?CT/US 91/03234 

International Application No 



I. CLASSIFICATION OF SUBJECT MATTER 0* several classification symbols apply, indicate all) 6 



According to International Patent Classification (IPC) or to both National Classification and IPC 

Int. CI. 5 C22C1/10 ; C22C1/09 



II. FIELDS SEARCHED 



Minimum Documentation Searched 7 



Classification System 


Classification Symbols 


Int. CI . 5 


C22C ; B22F 




Documentation Searched o 
to the Extent that such Documi 


ther than Minimum Documentation 
ints are Included In the Fields Searched* 





m. DOCUMENTS CONSIDERED TO BE RELEVANT 9 



Category* 



Citation of Document, u with indication, where appropriate, of the relevant 



Relevant to Claim NoP 



US,A,4 605 599 (PENRICE ET AL.) August 12, 1986 
see the abstract 

EP,A,339 894 (THE DOW CHEMICAL COMPANY) November 
2, 1989 

see page 2, line 53 - line 55 
see page 3, line 44 - line 49 



1,6,7, 
14,17 



1,6,7, 

14,17 

3,18 



state of the art which, is not 



"Spcdai categories of cited 

•A* document defining the 

considered ton* of 
*E* earlier document out published on or after the international 

filing date 

*L* document which may throw doubts on priority dalm(s) or 
which is dted to establish the publication date of another 
dtutioo or other special reason (as specified) 

"0" document referring to an oral disclosure, use, exhibition or 
other means 

*P* document published prior to the international filing date but 
later than the priority date claimed 



*T* later document published after the international fiUn* data* 
or priority date and not in conflict with the application but 
cited to understand the prindpk or theory underlying the 



*X* document of particular relevance; the daimed 1 
cannot be considered novel or cannot be consul 
involve an inventive step 

*Y* document of partiailxr relevance; the daimed invention 
cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art 

'&' document member of the same patent family 



IV. CERTIFICATION 



Date of the Actual Completion of the International Search 

20 AUGUST 1991 


Date of Mailing of this International Search Report 

- 9. oa 91 


International Searching Authority 

EUROPEAN PATENT OFFICE 


Signature of Authorized Officer 

ASHLEY G.W. 



Mm PCT/ISA^IO (mc»* tkm*) <Ja 



^NEXJpTOE INTERNATIONAL SEARCH REPORT 
ON INTERNATIONAL PATENT APPLICATION NO 



US 
SA 



^^?J^,^7^;?.? ily 10 *« P"* 0 ' documents dted in tfae above-mentioned international 

The members are as contained in the European Patent Office EDP file on 

The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information. 



9103234 

48368 



report. 



20/08/91 



^ Patent document 
dted in search report 



Publication 



Patent family 
member(s) 



Publication 
date 



US-A-4605599 12-08-86 None 



EP-A-339894 02-11-89 US-A- 4834938 30-05-89 

JP-T- 2504142 29-11-90 
W0-A- 8910334 02-11-89 




Official Journal of the European Patent Office, No. 12/82 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

/ 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

/ 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCED) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



